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Abstract
This paper describes the validation]] of ozone data from the Upper Atmosphere Research Satellite

(UARS) Microwave Limb Sounder (MI, S). The MLS ozone retrievals arc obtained from the
calibrated microwave radiances (emission spectra) iniwo separate bands, a frequencies near 205
and 183 GHz. Analyses described here focus on the MLS Version 3 data(the first set of files
made publicly available). We describe results of simulations performed to assess the quality of
the retrieval algorithms, interms of both mixing; ratio and radiance closure. From actua MLS
observations, the 205 GHz ozone retrievals give better closure (sinaller radiance residuals) than
that from 183 GHz measurements and should be considered more accurate from the calibration
aspects. llowever, the 183 GHz data are less noise-limited in the mesosphere and can provide the
most uscful scientific results in that region. We compare theretrieved 205 Gllz ozone profiles in
the mid-to lower stratosphere to ozonesonde measurements a a wide range of latitudes and
scasons. Ground-based lidar data from ‘1’able Mountain, California, provide agood reference for
comparisons at higher altitudes. Based onthese analyses, comparisons with balloon-borne
measurements and others, as w c]] as a detailed budget of estimated uncertainties, MLS results
appcear to be generally of high quality, with some biases worth mentioning. Results for the
lowermost stratosphere (~ 50 to 100 hPa) arc still inneced of improvement. A set of estimated
precisionand accuracy values is derived for theM 1S ozone datasets. We also comment on recent
updatesin the retrieval algorithms ant] their iimpact on ozone values.




1. Introduction

The Microwave Limb Sounder (MLS) aboard the
Upper Atmosphere Rescarch Satellite (UA RS) has
been performing emission measurements of the upper
atinosphere on a global scale, day and night, sincelate
September 1991. 1 descriptions and analyses of these
and other (JARS observations have been described in
a variety of articles; in particular, specia issues dea-
ing with UARS results can be found in the Geophys.
Res. Letl., Vol. 20, No. 12, 1993, and the J. Atmos.
Sci., Vol. 51, No. 20, 1994.

This paper adresses the quality of MLS ozone
data, their expected uncertainties (both random aund
systematic) as well as their demonstrated accuracy,
based cm comparisons with other datasets. This in-
formation should be of use to those attempting to use
MLS ozone data, whether for comiparison with other
datasets, for absolute values tobe used for example
in radiative caculations, or for temporal and spatial
variations, where precision matters more than accu-
racy. Since M 1,S ozone measurements arc made fromn
two independent radiometers (near frequencies of 205
GHz and 183 GHz), we discuss the quality of both of
these datasets. However, we focus on the more accu-
rate 205 GHe results, at least in the intercomparisons
with other datasets. Additional analyses of the 183
GHz ozone data in the mesosphere (where the mca-
surement sensitivity is better than for 205 GHz) are
presented in Ricaud et al. (1994), in relation to mod-
els and ground-based measurements. Several valida-
tion workshops have been held among UARS inves-
tigators since the launch of UARS, and the evolving
resu Its from those workshops have been documented
(sce e.g. Grose and Gille, 1994). Some validation of
the zonal mean ozone values from MLShas already
been provided in comparisons with TOMS total col-
umn data (Froidevauz et al, 1994), where spatia and
temporal variations are generally in good agreement.
This includes for example the observed development
of the ozone hole over Antarctica during southern
winter and spring (see dso Manney et al., 1993; Wa-
tersct rd., 1993). Another, less direct type of valida-
tion exists in the form of observed ozone variations or
waves (€9. Canziant el d., 1994, Elson et al., 1994,
Ray et cd., 1994), to the extent that such variations
can be understood, modeled, or “duplicated” in other
datasets (current or past).

In this special issue on validation of UARS data,

we describe in more detail certain aspects of the M 1,S
ozone measurements (section 2), data processing and

retrieval specifics (section 3 and Appendix), radiances
and closure for both simulated datasets and actual
data (section 4), estimated uncertainties based on ex-
pected sources of error (section 5), and comparison
results (section 6). The comparisons here focus on
non-UARS datascts, because for ozone at least, there
exists alarge amount of accurate correlative data. We
comment only briefly here on other existing satellite
datasets (see section 6); note that a significant source
of validation for MLS ozone can be found in Cun-
nold el al. (1 994a) (see also Grose and Gille,1994),
where statistical comparisons are inade with coinci-
dent ozone profiles from the Stratospheric Aerosol
and Gas Experiment (SAGE)11 ozone data. Also,
comparisons of UARS ozone meas urements to each
other and to other datasets can be found in Grose
and Gille (1994) and also inCunnold et al. (1994 b).
Wc provide asuiminary of accuracy and single profile
precision values (see section 7) for tile MIS Version
3ozone datasets currently available. Updated results
and plans for continuing improvements arc described
in section 8, before the concluding summary. Wc note
that this special issue of J. Geophys. Res. contains
validation papers for other atinospheric parameters
from M LS, namely tangent pressure and temperature
(Fishbeinet d., 1994), chlorine monoxide ( Waters et
al., 1994), and water vapor (Lahozetal., 1994). In
addition, Jarnotet a. (1 994) discuss the calibration
of MLS radiances, a topic of mnuchrelevance to the
validation of atmospheric parameters. Furthermore,
a detailed description of the forward model used to
caculate radiances which are tabulated and used as
parl of the retrieval process is forthicoming (Kead et
a., in preparation).

2. Measurements

UARS M 1,S measurements are obtained from ob-
servations of millimeter-wavel ength thermal emission
as the instrument field-of-view (FOV) is vertically
scanned through the atinospheric limb. A genera de-
scription oOf microwave limb sounding and its features
is given by Waters (1 989, 1993), and the UARS MLS
instrument is described by Barathet a. (1993).

Each of the 3 MLS radiometers (named ‘63 GHz”,
“205 GHz” , and ‘[l 83 G] 12" radiometers because of
the freguency near which they operate) receives cinis-
sion - siinultaneously - in aset of filter banks, each
spanning 510 MHz in frequency space with 15 con-
tiguous channels of varying width (see Barathet d.,
1993, Jarnotet rd., 1994). The 63 GHzradiometer




measurenments (M 1,S baud 1 ) provide tangent pres-
sure and temperature information from 0,emission
spectra, the 205 GHz radiometer provides chlorine
monoxide - ClO - (bands 2 aucl 3) and ozone (band
4), while the 183 GHz radiometer measures emission
lines of water vapor (band 5)andozone (band 6).
In this paper, we will commonly refer to the 205
aud 183 GHz ozone data, following the above ra-
diometler designation. The ozone lines are centered at
206.13205 GHz (1 .45 mm wavelength) aud 184.37782
GHz (1.63 mmn wavelength), as listed in Pickelt el
rd. (1992). This spectral data cat alogue and the
references therein arc the basis for the spectroscopic
calculations used to model the ozone emission, along
with the linewidth measurement by Oh and Cohen
(1 992). The MLS instrument uses double-sideband
heterodyne radiometers: signals from two sidebands,
equally-sllaccd about the local oscillator frequency,
are combined (with slightly unequal weights) into a
single mcasurement. The weights, or sideband ratios,
arcmeasured for each channel as part of pre-launch
instrument calibration (sec Jarnot et a., 1 994). The
primary sideband measures an atmospheric sprecies
of interest; the other is referred to astheimage
sideband. Fig. 1shows calculated radiances in the
spectral domain covered by the 205 GHz radiometer,
where ozone and ClO emnission arc the primary M LS
targets, for typicalupperand lower stratospheric sig-
nals. Both primary and image sidebands arc shown
inFig. 1, for the MLS bands 2, 3, aud 4 mentioned
above. Useful information on other species that emit
inthis region has also been obtained; this includes
SO; from the Mount Pinatubo eruption (Read et al.,
1993), HNOg3 (Santec et a., 1994), and tropospheric
H20 (Jtead et d., 1994). Other contributions include
emission from the wing of a N,0 line outside the tar-
get bandpass, whit]] becoines significant only in the
lowermost stratosphere, and very small emission fea-
tures from 1102 and a heavy (symmetric O'¥00 iso-
tope) ozone line. A figure similar to ¥Fig. 1 is shown
in Lahozet a. (1 994) regarding the emission features
relevant to the 183 GHz radiometer, which includes
the other primary ozone hine as well as the H20 line
targeted by MLS.The 183 GHzozone line is four
times stronger than the 205 GHz line, and thus pro-
vides better signals for the mesospheric region. It is
essentially free of contaminant species, except for the
lowermost stratosphere, where H2 O continuum emis-
sion is present. Also, excess radiation (in comparison
to model radiances) is measured by MLS in the es-
sentially “liljc-free€” spectral domain of band 3 below

about 30 km tangent height, even in very dry regions
of the atmosphere. A contribution fromn the collision-
induced spectrum of molecular nitrogen and oxygen
isprobabl y responsible, and this continuum, referred
to as “dry air continuum”, has been fitted empirically
and included in the calculated radiances for al MLS
bands. Wc discuss in section 5 the potential contri-
bution to ozone mixing ratio errors (systematics) of
inaccurate knowledge of the various aforementioned
parameters, which can contribute to ernission in the
ozone band region.

It can be shown ( Waters, 1993) that the rela-
tive contribution to the measured limb emission, for
optically-thin situations, has a Gaussian distribution
along the observation path, with center at the tan-
gent point and width equal to the resolution along
the line of sight - perpendicular to the UARS veloc-
ity -, namely ~400km. MLS, under normal opera-
tions, performs a complete limb scan with radiomet-
ric calibrations every 65.536s - a “MIS mgor frame”
during which onc atmospheric profile is retrieved for
eachspecies of interest. The limb scan used in nor-
mal operations (see Jarnotet a., 1994) consists of
discrete steps between about 90 and O kin tangent,
heights, with step spacing for the scan varying be-
tween ~31 km in the lower stratosphere to ~bkm in
the mesosphere; individual spectra are mneasured dur-
ing 1.8s dwells (“MLS minor frames” ) between steps.
Calibration of the radiances occurs during each limb
scan, when the MLS switching mirror “switches’ to
views of the internal blackbody target or space (at a
temperature of 2.7 K). The UARS orbital motion (7
kin/s) during the limb scan smears the profile meca-
surements over ~400 km in a direction perpendicular
to the MLS line-of-sight. The FOV vertical extent
at the tangent point for the ozone measurements is
~3 km, the approximate inherent vertical resolution
of the measurements. As discussed below, the MLS
Version 3 data are produced on a vertical grid with
points spaced each factor of 101/3 (or 2.15) change
matmospheric pressure, giving a vertical resolution
of 5.4 kmn (for a7 km pressure scale height). Atmo-
spheric pressure at the tangent point of the obser-
vation path is simultaneously measured by observa-
tions of thermal emission from molecular oxygen, and
this provides the vertical coordinate for the profile
retrievals.

The measurcinent latitudina coverage is from 34°
on onc side of the equator to 80° on the other.

UARS performs a yaw mancuver at ~36 day intervals
(a “UARS month”), when MLS high-latitude cover-




age switches between north and south. Within each
UARS month, the UARS orbit plane precesses slowly
with respect to the earth-sun line. The orbit preces-
sion causes the measurements to sweep through es-
sentially all local solar times during the course of a
UARS month, becoming 20 minutes earlier each day
a afixed latitude.

3. Data Processing

Here, we give a description of the general tech-
nique used for all MLS Version 3 retrievals, with some
mathematical details given in the Appendix. We aso
present specifics of the retrievals for Version 3 ozone,
which is the focus of most of the remainder of this
paper. Retrieval specifics for the other primary MLS
products are in companion papers by Fishbein el al.
(1994) for tangent pressure and temperature, Waters
etal. (1 994) for ClO, and Lahoz et al. (1994) for
H- 0.

MLS data processing produces individua files con-
taining mecasurements made over a 24 hour period,
from O to 24 hours UT on each day. “1'here are two
major steps to the processing. ‘he first converts
raw engineering ( “Level O) data from the instrument
telemetry into calibrated radiances and other engi-
necring diagnostics, and produces a “Level 17 file.
Jarnot et a. (1 994) describe the MLS Level 1 process-
ing. The second processing step converts calibrated
radiances from daily level 1 files into geophysical
data, producing “l, .evel 2* files (geophysical paramn-
eters and estimated uncertainties on a vertical grid
chosen by the instrument team). The lLevel 2 pro-
cessing step for MIS also produces ‘(level 3A” files,
which are geophysical parameters (one file per param-
eter)on a vertical grid comnmon to all UARS instru-
ments producing atmospheric profiles. There are two
sets of Level 3A files: (1) Level 3AT which has pro
files equally spaced in time intervals of 65,536s, and
(2) Level 3AL which has profiles equally spaced in lat-
itude intervals of 4 degrees. There are typically 1318
or 1319 profiles in each MLS Level 3AT file, and about
840 profiles in each MLS Level 3AL file. Additiona
processing of Level 3AL files, described by Reber and
Huang (1 994), produces level 3B files which contain
data commonly gridded in the lLorizontal for al UARS
instruments producing Level 3A], data; these files can
be used to generate “synoptic” ficlds of inean ozone
andits wave com},onents, but various investigators
are producing their own version of such fields (e.g.
sec Flsen and Froidevaur, 1993). Finaly, each daily

set of M LS Level 3A'T" and Level 3AL files has an as-
sociated Level 3PT and Level 3P1. file (named Level 3
parameter files); these files contain additional infor-
mnation, such as diagnostics of the quality of the re-
trievals for each band, and the overall status of each
major frame of M 1,S data. It is strongly recornmended
that the latter flag be monitored and used to discard
bad data (also detectable by checking the sign and/or
magnitude of the estimated uncertainties available in
l.evel 3 files, as described below); athough bad data
are a rare occurrence on a typica day of MLS data,
there are certain daYs/P criods when certain or all
MLS measurements are bad or unavailable, yet cli-
miatological (a priori) infortnation can till be found
in the data files. A brief summnary of some of the
above issues and other caveats specific to the cur-
rently available MLS data files, as well as a complete
description) of the MLS file contents, is in the Stan-
dard Formatted Data Units documentation available
fromn the NASA Goddard Space Flight Center Dis-
tributed Access Archive Center (DAAC).

Retrievals

Jig. 2 is a schematic of the UARS MLS measure-
ment geometry. Although not shown in the figure,
there are 3 separate radiometers, each viewing at
slightly different elevation angles (duc to optical de-
sign constraints) for a given scan position reference
point, given by the 63 GHz radiometer field of view
(FOV) direction. These angular diflerences (inea-
sured prior to launch, scc Jarnot et al.,1994) are
referred to here as 6X and 8X’ for the 205 GHz
and 183 GHz to 63 GHzFOV elevation differences;
they correspond to about -290 1n and 450 m intan-
gent altitude difference, respectively.r’he equation of
radiative transfer is used to calculate tile radiances
originating from various tangent points (eg. P; and
P, in the figure), as the antenna FOV scans the at-
mosphere a diflerent elevation angles ( e.g. X1 and
xz). The calculated limb radiance values are then
convolved over the antenna pattern and the channel
filter response (see Jarnot et al., 1994; Read ct al.,
paper in preparation).

The approach used here for retrieving geophysi-
cal parameters of interest, such as tangent pressure
(Pran), temperature (1°), and mixing ratios (f) from
the MLS calibrated padiances (Level 1 data) is based
011 sequential estilnation, as first applied to limb
sounding by Rodgers (1976). This technique comn-
bines a priori information (such as climatological pro-
files with an associated error covariance) with rnea




surement inform ation, to produce a solution for the
desired parameters, or state vector = and associated
error covariance matrix S. The a priori “state vec-
tor” is used to stabilize the solution in regions of poor
sensitivity, and to provide some continuity. For exam-
ple, tangent pressure a priori values in regions of poor
measurement sensitivity arc obtained from the hydro-
static equ ation relating changes in pressure to changes
inheight (h); k is given by (Rs cosx/n) — Ry, where
Rgis the carth center to satellite distance, Rg is the
earth radius at the sub-tangent point, and n is the
index of refraction at the tangent point. The angular
change between X1 and X2 in Fig. 2 is largely caused
by the antenna scan motion between measurerents at
different ininor frames, but also by the spacecraft roll
component. These calculations serve as estimates of
tangent pressure at heights below 22 hPa (for Version
3 data), where the 63 GHz Ozline is close to satura-
tion, as well as in the top portion of the atmosphere,
where M 1S retrievals of P, and 7T are not currently
reliable (scc Fishbeinet al., 1994). Independent pa-
ramcters such as Its and Ry are therefore part of the
state vector, via their effect on the a priori mode] (or
virtual measurement model}. The above methodol-
ogy can be viewed as a combination of the a priori
inforination and the weighted least-squares solution
to the linearized equation relati ng measurements and
state vector (sec Appendix for asimple derivation).
The update of state vector 2 is obtained using the
following sequence of equations (see Kodgers, 1976),
for each channel radiance y; in a given band (or
hands), and fromtop to bottom of the atmosphere:

S 1K (yi — ¥5_q)
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& & . Si 2 KKTS; 4 2)
KT8, 1Ki4 & 4w
with starting points given by the a priori values
o = xsand SO = S, columnn vector K i s
given by the ith row of the weighting function na-
trix K = dy°/0x,? is the ith diagonal clement of
the mecasurement error covariance matrix (assumed
diagonal for the above equations), andw; is anad-
ditional error term discussed below. The calculated
radiances y{ and their derivatives K;are obtained
by table lookup (for specd of evaluation) from cliina-
tological conditions; these values are tabulated for 10
different months (one per “UARS month”), 8 latitude
bins (from 70S to 70N in 20 degree increments), 43
tangent pressures (cm the UARS 1.3 grid), and for as-
cending or descending sides of the orbit (for Doppler
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shift correction purposes). Radiances are interpolated
with respect to tangent pressure using cubic splines
and with respect to other variables via the linearized
forin (bared on tabulated radiances ¢ and state vec-

tor &) so ma the calculated radiances in equation (1)
arc given by

vy =i 4 K (&2 %) 3

Given that this tabulated linear model is not as ac-
curate asthe complete radiative transfer model - so
closure may not be as optimurnas desired -, we have
increased the radiance uncertainties €¢i by an “infla-
tor” factor equal to 1 % of the radiances - 0.75 K for
band 1 (see Fisbeinet rd.)] 994), and by 3% of the ra-
diances for bands 4 through 6;the factor was decined
unnecessary for ClO (bands 2 and 3), since the root
mean square (rins) noise IS large corpared to the ra-
diances in general in that case. Moreover, the term w?
also includes contributions from variables which can
aflect the state vector components being retrieved for
aparticular band, but which arc constrained to val-
ues &, With error covariance SC. These uncertainties,
some Of whichmay not be purely random, will con-
tribute an additional factor K7;5;_ 1 K cias part of w?
above. For example, temperature and tangent pres-
sure uncertainties - after their evaluation from band
J retrievals - have their uncertainties propagatedto
mixing ratio estimates in this way; also, uncertain-
tics arising from velocities (Doppler shifts) along, the
FOV direction are treated in this fashion, with no
values retrieved, but with the (a priori) uncertainty
estimates included in the eguations for mixing ratio
updates. In terms of the estimated error covariance
(whose diagona elements give the uncertainties in the
M LS data files), we note that the retrieval software
produces uncertainties which are flagged as negative
under conditions of poor measuremnent sensitivity (see
discussion in next sub-section for more details).

The order of the retrievals is chosen as band 1{Pan
and 7'), since P4, is needed first as a vertical coordi-
nate for geophysical parametersand?’ is used in the
radiance calculations for other bands, band 5 (1 1,0)

because of its potential impact on other species -,
band 6 (ozone), Lane] 4 (ozone),and bands 2 and 3
(C10). Table 1 provides a list of the state vector com-
ponents which are either retrieved or coustrained, as
a function of band (listed in the above processing or-
der). Among the parameters not mentioned yet are
I3, which represents maguetic field, for its Zeeman
splitting effects 011 the Oz line in band ], particu-
larly in the center channels and in the mesosphere



(see Fishbeinet d., 1994). Also, wc retrieve a set of
bascline offsets y°// and (for bands 2 and 3) linear
cocflicients ', with one component for each minor
frame;the a priori values for these are based on the
previous minor frame (but with conservatively large
a priori uncertainties). Correlations among these co-
efficients (and for Pis as well) are not rigorously
accounted for, since the software overwrites each of
these variables after each minor frame; a fuller treat-
ment will be undertaken in future algorithms if nec-
essary, athough the effects on mixing ratios are not
expected to be very large (based on tests already per-
formed). There are aso some parameters which we
have not explicitly included in the “Jable, but which
are imnplicitly included in the forward model, or the a
priori model. These include the elevation angle y and
satellite roll angle, which enter in the a priori tangent
pressure equation (described above), geometric quan-
tities needed to perform transformations between the
UARSMLS reference frames and the earth-centered
frame, as well as assumptions for N2O, dry air contin-
uum and a few other trace species in the (tabulated)
forward model radiances. We note aso that HINOj3
ciission contribution in band 4 was included as part
of the tabulated forward model radiances (based on
climatology), but no 1INO3 retrievals were attempted
in Version 3 data

No attempt is mnade to include “inemory” from one
scan profile (or retrieval) to the next (see Rodgers,
1976), except through the a priori (tangent pres-
sure evaluation and climatological geophysical param-
eters). This was done to preserve independence be-
tween consecutive profiles (and to minimize propaga-
tion of ‘%ad’rctrievals), and because it was not obvi-
ous from test results that such smoothing (filtering)
along the tangent track would give rise to significantly
better retrievals. Another important feature of the
M 1,S retrievals used in the production of Version 3
data is the use of an “opacity criterion”, which elimni-
nates rad iances corresponding to large optical depths
along the line-of-sight, because of non-linearity con-
cerns (given the non-iterative linear schemne used so
far).This is not used for band 1, since a ]loll-linear
calculation of radiances is used for this band. For
all other bands, if oneignores the image sideband
contribution to theradiance, a particular radiance at
frequency ¥ can be written (approximately) as

Y0) T g () Tian (1 — c-wly (@)

where g, (1) is the primary sideband gain factor, Ttan
is the tangent point temperature, and 7,(v) is the

optical depth along the line of sight. This leads to
an estimate of the optical depth, given an estimate of
T}an - fromn band 1 retrievals -, and the measurement
y(v), namely

() = ~In(1 - ¥(¥)/9p(v) Tian) )

When this estitnated optical depth is greater than
unity, the radiance is ignored inthe sequential es-
titnate update equations.

Some of the software features described above are
expected to change in future iterative non-linear re-
trieval algorithms, where more optimumuse can be
made of the MLS radiances, with essentialy no radi-
ance cut-of'criterion, and arcevaluation of the radi-
ance error inflator factors as part of the plans.

Version 3 Data

The constituent profiles used in Level 2 files for
tile M LS Version 3 data are represented as piecewise-
linear in mixing ratio versus logarithm of atmospheric
pressure, With breakpoints at pressure surfaces of
1000 x 10~ "/3hPa where n is an integer. For ozone,
thestarting and ending values of n arc 1 and 19, which
corresponds to pressures of 464 ancl 4.6 x 10-4 hPa,
respectively; these fixed boundaries were chosen very
conservatively. A subset of this vertical range, most
useful for scientific analyses, will be recommended
later in this paper. The UARS Level 3 pressure grid
(1000 x10-"/®hPa values) is twice as fincas the MIS
Level 2 grid, and we have simply averaged the adj a-
cent Level 2 grid values to fill in the Level 3 grid on
the “odd” UARS surfaces. This leads to a reduction
in the variability (e.g. about the zonal mean) for these
odd pressure surfaces, compared totheeven surfaces,
since the averaging process reduces randon noise.

The error factor added to the radiances (see the
sub-section on retrievals above) to account for somne
of the forward modeling uncertainties was set a 3%
of the radiances in both ozone bands. The opacity
criterion used to discard radiances because of non-
lincarity effects was set to unity. Finally, it was
found from simnulations that better retrievals were
obtained if radiances arising from tangent pressures
larger than 100 hPa were not included, at least for
the non-iterative retrievals used to produce Version
3 data. A more optimum usc of all channels will be
sought in future software upgrades.

An example of the a priori values used for ozone
is givenin Fig. 3, for themonth of September. The
ozone climatology file was provided by members of




the UARS community, based on values given by Kea-
ing el al. (1 989a, 1 989b), with extrapolations for the
poorly represented lower stratosphere (at pressures
larger than 20 hi%). Model values from the Lawrence
Livermore National laboratory 2-I) model were used
to fill in the tropospheric “climatology”; remnaining
missing data in the mesosphere and above were filled
in with standard middle latitude values from the Cal-
tech/JPL 1-D) photochemical model. A priori uncer-
tainties are generally chosen conservatively (i.e. large
values are used) in order to minimize possible biases.
For ozone, a3 ppinv apriori uncertainty is used in the
stratosphere down to 50 hPa, with a 2 ppmv uncer-
tainty at, 100 h I's, and significantly tighter constraints
in the troposphere, where no attempt is currently be-
ing made to retrieve ozone (climatological fields are
found there inthe MLS data files). A priori uncer-
tainties decrease smoothly with decreasing pressure
in the mesosphere, until about ().2 hPa, above which
an uncertainty of 1 ppinv is assumed. Based on sen-
sitivity tests of the tufluence of a priori values, we
find that the 205 GHz ozone retrievals are affected
in anon-negligible way by the a priori for pressures
ncar 100 h]’a and above about 0.46 hPa; for the 183
Gllz retrievals, these boundaries occur mear46 hl'a
and above about 0.046 hPa.Theuse of a “global®
a priori uncertainty is clearly an oversimplification of
the variability of the real atiosphere. The possibil-
ity of larger-tlia]l-approjmiatc estimated uncertainties
in the retrieved profiles exists as a result of this ap-
proach, for regions like the lowermost stratosphere
where poorer measurement, sengitivity exists (sce sec-
tionb); however, this is a safer approach than the
use of a priori uncertainties which are too small, since
this can lead to undesirable biases with unredisticaly
stnall estimated uncertainties,

As mcntioned in the previous sub-section, a diag-
nostic of the relative sengitivity of measurements and
apriori can be obtained by considering ilie ratio of es-
tiimated uncertainty (in the retrieval product) to the
a prioriuncertainty. Typical (average) values of this
“error ratio” arc shown in Fig. 4 for both ozone re-
trievals at two selected latitudes, on September 17,
1992. This function is characterized by values near
unity where no neasurement information exists, val-
ucs closc to zero (about 0.1 to 0.3 here) where sig-
nificant measurement information exists, and a steep
gradient inthe transition regions where an increasing
contribution comnes fromn the a priori. Fig. 4 shows
that, below ~1hPa, ozone from the 205 Gliz ra-
diometer provides a slightly more sensitive measure-

ment than the 183 GHz data (for Version 3 results).
Above 1h] 'a the 183 GHz ozone measurements be-
come increasingly more sensitive in comparison to the
205 GHz retrievals; thus, the183 Gllz data are rec-
ommended for studies of mesospheric ozone, even if
the expected accuracy is less thau for the 205 Gliz
ozone (sec section 5).

The “error ratio” is used to qualify retrieved val-
ues in the MLS data files. When the error ratio is
greater than 0.5 (a fairly conservative value, within
the steeply increasing region of Fig. 4), whichmeans
that the a priori contributes mnore than 25% to the re-
sult and the measurement-rel ated uncertainty is more
than 1 //3 (or 0.58) times the a priori uncertainty, the
estimated uncertainties are flagged with a negative
sign. This alerts the user that poorer measurerent
scnsitivity is expected, and the use of data values in
these regions is cautioned against, since essentially
no MLS measurement inforination exists beyond the
flagged boundarics. The Version 3 data show vari-
ations in error ratio versus latitude, particularly for
the 183 GHz ozone results, because more channels
are being discarded from the retrieval process near
the equator in the lllid-stratosphere. Future algo-
rithms will avoid this by iterating over the retrieval
process until convergence is reached, thereby allowing
al channels to be used to their fullest potential. Such
issues are less critical in Version 3 205 Gliz results,
since essentially al channels are always being used in
the current algorithms; however, somne improvements
may be obtained via more accurate retrievals of other
parameters (such as tangent pressure, temperature,
and H20) which can have some imnpact onthe ozone
values (see section 5).

A veraging kernels are another, more formal, ex-
pression Of measurement sensitivity used in the de-
scription of error characterization (see Kodgers, 1990;
Marks and Rodgers, 1993). The rows of the averaging
kernel matrix represent height-dependent weighting
factors by which the true atiospheric profile is mul-
tiplied to give the retrieved profile. These functions
arc given inFig. 5 for MLS ozone retrievals repre-
sentative of Version 3 data, in both frequency bauds.
The kernels provide a measure of profile sensitivity to
changes in the true profiles, and arc equal to unity
if no a priori influence exists; their vertical widths
give ameasure of vertical resolution (smoothing of
the true profiles). These figures confirin the informa-
tion provided above, regarding the relative sensitivity
of 205 and 183 Gllz retrievals in the current MLS
algorithims. Some degradation in measurement seunsi-



tivity can be seen in the lower mesosphere and at 100
hPa for the 205 GHz ozone data. The sensitivity is
slightly worse for the 183 GHzresults at 100 hPa and
aso at dtitudes somewhat above this (for example in
equatorial regions - see Fig. 4 -; note that the kernels
in¥ig. 5 are for ~nid-latitudes). ‘The larger values of
averaging kernels for the 183 GHz data in the meso-
sphere imply greater sensitivity in that region than
for the 205 GHz data (see aso Fig. 4).

4. Radiances and Closure

In this section, wc examine the MLS ozone radi-
ances, both from simulations performed in an identi-
cal fashion to those producing Version 3 data, and
from the actual data. The issue of closure is dis-
cussed by analyzing radiance residuals (observed or
siimulated radiances minus radiances calculated fromn
the retrieved profiles), as well as diagnostics related to
the goodness of fit for these radiances. Furthermnore,
profile residuals can aso provide information onre-
trieval quality, in the case of simulations. For the
production retrievals, we discuss known artifacts and
caveats (with moreinformation in section 6, based on
comprarisons with other datascts).

Simulation results

"This subsect ion describes results of simulation stud-
ies, in order to understand “numerical errors’ arising
fromthe software used to create the Version 3 data
files. Wc donot expect this software to be com-
pletely optimum, since it is based on assumptions
of lincarity and does not fully utilize the complete
set of mecasurements, which leads to some limitations
(particularly in the lowermmost stratosphere). More
computer-intensive retrievals are needed for a fully
iterative (non-linear) retrieval scheme - now in prepa-
ration.

Radiances and Residuals

Radiance residuals have been calculated based on
a set of profiles obtained by smoothing actual MI, S
retrieved values for September 17 1992, a day with
“ozone hole” conditions in the southern polar regions.
The simulation uses the operational MLS scan se-
quence.

Results from a full day of radiance residuals nave
been examined in 10 degree latitude bins as a function
of pressure, and a typical subset, for 40 S (latitudes 45
S 1035 ) isshown in Fig. 6. The results are similar
in other latitude bins. We see that closure exists at

a level of 1 % (of radiances) or better (i.e. less than
~ 0.2 K), except at the lowermost pressure shown
(100 hPa), where the calculated radiances arc sys-
tematically higher by about 1K than the “observed”
radiances (which are of order 20 to 60 K). While this
is not a large percentage difference in radiances, re-
tricvals of ozone in the lowermost stratosphere depend
more heavily on radiances (or radiance diflerences)
in the outside (wing) channels, and spectral differ-
ences introduced between model and observed radi-
ances have the potential to significantly impact ozone
values near 100 hPa. As mentioned in section 3, the
measurement information - relative to the a priori -
is decreasing in the lowermost stratosphere, and this
has an impact on the poorer radiance fits obtained
there. Better closure has been obtained with test re-
trievals using a fully iterative method and improved
algorithms. The quality of simnulated ozone profiles
is discussed further below. Figure 7 is similar to Fig.
6, but for the 183 GHz ozone results. Although rea-
sonably good radiance fits arc also evident in these
simulations, they arc somewhat worse than those for
205 GHz. The it at 100 hPais not an accurate reflec-
tion of the actual sensitivity, because we know that
the current retrieval scheme has poor sensitivity at
that level for the 183 GHz data; as climatology is
basically input (from the simoothed, Previously
trieved” fields at that level) arid the retrieved ficlds
arc similar to the inputs because of non-optimal use of
channels, an overly optimistic quality of fit is arrived
at.

One can define dlagjnostics of goodness of fit by us-
ing the chi-square (X*) concepts from statistical anal-
ysis (see e.g. Bevington, 1969). We have calculated
values of

c)2
Xina = 71\7 > s (zy—) (6)
for eachmajot frame (set of 32 minor frames). The
variables y;, ¢, and ¢; refer to measured radiance, cal-
culated radiance (linear modclusedinthe retrievals),
and random (rms) radiance uncertainty. N is given by
the number of degrees of freedomn, namely the total
number of observations (radiances) minus the num-
ber of paramneters being retrieved. The above diag-
nostic is referred to as a reduced chi-square; in the
algorithims used to produce Version 3 data files, in-
dex 7 runs over dl radiances from the top of the at-
mosphere to 46 hPa tangent pressure, to avoid too
much emphasis 011 the less well-characterized regions
in the lowermost stratosphere (wc may carry these



diagnostics down to 100 bl’a in future production al-
gorithms). Too large (or toosmall) a value of xZ,,
indicates a poor fitand/or a problem of some kind
inthe retrievals or measurements. Based on statis-
tics from idealized Gaussian distributions, we have
determined that x?2,, values above about 2, given the
nuimnber of degrees of freedom available for each M LS
major frame, are cause for concern and truly indicate
poor fits. A similar quantity is also calculated for each
minor frame, with index ¢ running over al 15 channels
(14 for ozone at 183 GHz since one of the wing chan-
nels is not reliable and is not used); we denote this
diagnostic by x?Z,;. The x2,; values are marginaly sig-
nificant, since the number of measurements is fairly
small , but we view these diagnostics as qualitatively
useful nevertheless, especidly in arelative sense (from
minor frame to minor frame, or for different, software
v 2 .

runs). Zonal mean values of Xia and Xmi are given
in Fig. 8 for the simulation run mentioned above, ra
diances with noise similar to the actual instrument
noise were used, for a meaningful calculation of x?
diagnostics. From the Xoni values, we observe that
the quality of radiance fits degrades in the lowermost
stratosphere, particularly in the south polar vortex
(south of 60 S). Also, the 183 G}z ozone radiance fits
are of relatively poorer quality than the 205 GHz fits,
especially near 46 hPa, consistent with the radiance
fit quality observed in previous figures. The values of
Xima in the bottom panels of Jig. 8 follow the aver-
age latitudinal trends of the X;ui values,as expected.
Values of Xmabetweenl and 2 are typical for 205
GHz ozone results (average value is near 1 .2). Val-
ues between 1.5 and 2 are more typical for 183 GHz,
ozone, with extrema dlightly above 3 (although somne
larger values exist near thelatitude extremes). These
results givesome lower bounds for the fit quality we
may expect interms of closure based on real data
(discussed further below). We will improve upon the
sitnulation results in future software algorithms.

Ozone abundances

The retrieved zonal mean 205 GHz ozone fields are
compared to the input (“true”) fields in Fig. 9. Zonal
mean diflerences are shown to be~ 0.1 pprnv or less
throughout most of the stratosphere. There isa ten-
dency to underestimate the mixing ratios near 46 hPa
and overestimate them at 100 hPa, especialy at high
latitudes (where the mcan biases arc of order -0.4
and 0.6 ppmv respectively). This translates into ~
20 % negative bias in the polar vortex at 46 hYP a;
at 100 hl’a, percentage differences are large, but not

as meaningful, because the mixing ratios can become
very small - especially in the tropics, but wc have
to keep these retrieval biases in mind, particularly at
high latitudes. We expect to better understand and
remove much of these effects in a future data process-
ing, since some of this is undoubtedly related to non-
linear eflects (in ozone and/or other parameters which
contribute to emission in the ozone band). However,
between 0.46 and 22 hPa, the true and retrieved ozone
fields differ by less than 2%. The retrieved values near
0.2 hPa become clearly influenced by the a priori val-
ucs, based on our analyses (see also section 5 below).

Another method of examnining the retrieval quality
isinterms of the reproducibility of “horizontal” at-
mospheric features, namely via mapping {simple hor-
izontal gridding inthis case) of the Level 3AT ozone
fields. We show “true” versus retrieved ozone maps
in Fig. 10, for pressures of 46, 10, and 2 hPa; the re-
tricvals arc from radiances with simulated noise. The
differences at these pressure levels arise from noise
as wellas underlying systematic (exemnplified in the
zonal mnean differences of Fig. 9). General features
and mixing ratio gradients (e.g. atthecedge of the
Antarctic vortex and in the sub-tropics) are very well
reproduced. However, there are some features (es-
pecially near the boundaries of color contour values)
which can loose some of their continuity or appear
slightly different after small biases and noise effects
arc ‘(applied’] via the retrieval process. If data users
arc aware of the noise level and any artifacts or po-
tential biases (as discussed throughout this paper),
overinterpretation of maps or MLS results in general
shiould not be a problern.

Figure 11 is similar to the zonal mean cross sec-
tion comparisons of Fig. 9, but for the 183 GHzre-
sults. Overall, somewhat better closure is obtained
(in comparison with the 205 GHz ozone retrievals) in
the mesosphere, with some evidence for degradation
(in percentage terms) at pressures less than 0.1 hPa.
Less of abias (than in Fig. 9) exists near 100 h} ’a
but we mentioned earlier that some of this may be an
artificial result because of too tight a constraint to-
wards the a priori (as not enough channels are used).
Note that a siinilar percentage fit to ozone will result
inapoorer (larger) value of the x? diagnostic defined
above, because the rins radiance noise is comparable
for both ozone bands, but the signal is roughly twice
as strong for the 183 GHzline (leading to a factor of 4
difference in X? for a given percentage ozone fit). This
is a reflection of the fact that the 183 Gz ozone data
arc inherently mnore precise, in a relative sense, and



therefore “harder to fit” to within the noise. Based on
these results (and other studies not shown here), the
upper limit for 183 GHz ozone data usefulness is near
0.05 hPa (see aso section 5), and the recommended
lower limnit is 46 hPa.

Version 3 Results

‘This sub-section deals with Version 3 results, and
compares radiance residuals and other diagnostics to
simulation values. Known artifacts arc also men-
tioned.

Radiances and Residuals

Fig. 12 shows radiances and residuals for Sep. 17,
1992 at 40S (similar to the simulations of Fig. 6).
Residuals are only slightly worse than those from the
simulations. Given that the averaging of radiances
leads to negligible (0.02 to 0.1K)noise in the mean
radiances, the residual differences are anindication of
residual (systematic) errors. There is also some lati-
tudinal variability in the residuals (more pronounced
than in the simulation casc). For example, we show
inFig. 13 some of the poorer fits in the lowermost
stratosphere, for 10S and 70S. The systematic trends
inthe residuals at 46 and 100 hPa arc believed to be
caused by inaccuracies in the ecinission features fromn
HNOj3 (on the positive frequency end) and N,0 (on
the negative frequency end); indeed, radiance fits have
been found to be significantly improved when HNOj
is retrieved (but this was not done in the Version 3
data). Also, inperfect knowledge of N,0 (and H,O)
in the lowermost stratosphere and upper troposphere
will probably have some small effect on the radiance
residuals. in summary, poorer radiance residuals are
observed inthelowerinost stratosphere, but improve-
ments can be expected in future data versions.

Fig.14 is similar to Fig. 12, but for 183 GHz ozone
results for September 17, 1992 at 40S. The radiance
residuals are of poorer quality than the 205 GHz ozone
results for al pressurelevels. At 100 hPa in partic-
ular, these plots confirmn that little sensitivity exists
and that we are attempting to fit climatological ra-
diances (since the retrieval does not perturb the
priori state significantly) to observations. Also,the
residual patterns are different than those of Fig. 12.
Part of the systematic effects in the upper strato-
sphere (which appear to have a different origin than
the asymmetric residuals in the lower stratosphere)
may have to do with a slight lack of closure be-
tween the forward model runs used in the retrieval
and calculated radiance programs. It would secm
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(from preliminary tests with a fully iterative retrieval
schemne) that a significant part of the systematic ef-
fects observed here arc not caused by thelinearre-
trieval scheme's limitations. Therefore, instrumental
or forward model errors probably have to be invoked.
Pig. 15 is aso similar to the 205 GHz figure above
(Fig. 13), for radiances and residuals at 10S and 70S
imthe lower stratosphere, at tangent pressures of 22
and 46 hPa. Residuals are maximized at high lati-
tudes at 46 h} 'a. It would appear from these radiances
that the retrieved values from 183 Gz ozone data are
too large near 70S latitude, thus leading to too strong
a caculated signal, compared to the measured radi-
ances. The future use of al channels in band 6 should
help aleviate some of these lower stratospheric issues
for 183 GHz ozone data. Also, wc willsee in section
8 that updated retrievals using newer spectroscopic
data for 0,(MLS band 1 ) reduce the radiance resid-
uals.

Fig.16 has the same format as Fig. 8 (simulations),
and provides a measure of the mean goodness of it
(x%,; and Xma) for both ozone bands, on September
17, 1992. The 205 GHz band results arc only dlightly
worse than the simulation results, and while there is
some room for improvement, the fits arc judged to be
of overal high quality (with increasing problemns in
the lowermost stratosphere). For the 183 GHz ozone
band, however, tile goodness of fit is clearly degraded
with respect to both the 205 GHz data and the sim-
ulation results for 183 GHz ozone, as implied by the
radiance residuals discussed above.

Fig.17 shows the time evolution of the zonal mean
goodness of fit diagnostic x2,, as a function of lat-
itude, over the first two years of MLS data acquisi-
tion. While we have not identified the cause for poorer
residuals at al times and places, this should help cau-
tion the data user to be somewhat more careful when
the fits are poorer. We believe that the poorer radi-
ance fits in the tropics and mid-latitudes in Novcin-
ber 1992 and a few other times in the following year
are related to the generation of excess instrumental
noise induced by the switching mirror movement at
low UA RS power supply voltages (a problem now cir-
cumvented); this also aflects the ClO radiance fits
(see Waterset rd., 1994), and to a lesser extent, the
1 83Gllz radiometer data. Also, the 205 GHz ozone
near 60S during June/July (early winter), possibly in
relation to actual atmospheric variability (and hori-
zontal gradients effects). Slightly poorer (than aver-
age) fits arc obtained in the tropics during the first 7
months of the UARS mission; this appears to cor-




relate with the poorer comparisons versus tropical
ozonesondes in the time period closest to launch (see
section 6). Whether these occurrences exist because
of abnormal wave activity, or another atmospheric ef-
fect remains to be explained. The poorer quality (in
an absolute sense) of radiance fits for the 183 Gliz
ozone data is again evident in Fig. 17 (bottom pan-
els). The pattern of tropical and subtropical high
(x%,4) values appears to follow the pattern of zonal
mean ozone obtained in the 205 G }1 z data (see Froide-
vaur et cd., 1994). We interpret this to mean that the
183 GHz ozone retricvals cannot (for lack of sensitiv-
ity in the current scheme) track the ozome 205 Gliz
patiern, and this leads to poorer radiance closure.

Ozone abundances

Despite somne remaining issues mentioned above,
the overall behavior of ozone radiances for the 205 Gz
data points to good quality in the results. To confirm
this reasonableness issue, Fig. 18 shows zonal mean
MLS ozone data (from the 205 GHz band) versus cli-
matology, for Januaryand July at various latitudes.
The climatological changes in ozone with latitude and
season are quite well reproduced by the MLS data,
The main difference occurs at 60S, where the ozone
minimuin observed by MLLS near 10 hPa during July
isonly a weak feature inthe climatology; this may
have to cio with the different vertical resolution of
datascts being compared here, and warrants further
investigation (the MLS minimum is not an isolated
incident and exists in 1992 and 1993, for example).
More detailed comparisons with correlative data sets
arc discussed in section 6, in order to assess (Or con-
firm) the quality of MLS retrievals.

Knoum artifactsin V3 dater
1 Jere,we give a summary of known artifacts asso-

ciated with the M 1,S Version 3 ozone data (as also
briefly inentioned by Froidevauz et a., 1994); further
work is required to better understand these probleins
and decal with themn.

Ozone at 100 hPa has been consistently diflicult to
retricve very accurately, probably because of a comn-
bination of reduced spectral signature arising from
this altitude region and the difficulty associated with
modeling (or retrieving) the underlying bas eline. The
poorer retrievals a 100 hPa are particularly evident
during the!l suminer in the tropics, where negative
zonal means (of order a fcw tenths of a ppmv) per-
sist. Sol ne of these biases could be related to non-
lincarity issues, or maybe to the difficulty associated
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with fitting an inverted profile with a set of coefli-
cients spaced roughly every 5 km. Also, we have ob-
served “bulges” in the mixing ratio at 100 hP’a, where
the mixing ratios can becomne unreasonably large (as
much as 1 t0 2 ppmnv), even in @ zonal mean - a high
southern latitudes in particular. This effect is exem-
plifiedin Fig. 19, where wc give a map of the difference
between the mixing ratio (from the 205 GHz ozone) at
46 hPa and 100 hPa; this difference should typically
be positive , butthe plots illustrate that there arc
siguificant regions where the MLS data yield negative
values for this quantity (tropics and high latitudes in
particular). These occurrences, aud the possible un-
derestimate which can follow at the 46 hPalevel may
be related to the regions of poor radiance closure (see
I'ig. 17 above). Correlative data comnparisons confirm
that such ‘(bulges’ a 100 hPa are not reproduced by
ozonesonde data for example in the southern polar
vortex (see section 6).

The 100 hP’a level also exhibits a UARS yaw-cycle
dependence (see evidence in Froidevauz et al., 1994),
i.¢., the mixing ratios (and column values) tendto be
larger in the mniddle of the UARS month. This oscil-
lation (which canbe of order afew tenths of a ppmv)
may berelated to similar effects observed in temnper-
ature (Fishbein et al., 1994) and could be aflected by
t angent pressure artifacts; such an effect is aso ob-
served inlower stratospheric H2O (Lahoz et ., 1994).
Kflortsto reduce or remove this artifact have not been
successful so far, but a fully iterative retrieval scheme
has not yet been applied. Also, as yet unexplained
occasional “jumps” in mixing ratios exist across yaw
days, particularly at the 100 hPa level. We are inves-
tigating these artifacts, which imply poorer measure-
ment accuracy for this lowermost st ratospheric pres-
sure (as expected fromn the error analysis in section
b).

Since the current 183 GHzozone retrievals are not
sensitive enough at 100h1’a, we arc not advertising
this level as a useful one for those retrievals. The main
systernatic effect to note is the existence of larger
ozone values in earlier (not publicly released) MLS
data versions, compared to the 205 GHz values,for
mid - to upper stratospheric heights. These differences
were of order 10-1590 (see Fig. 20) in post-launchre-
trievals (pre-version 3 data). Although it has become
clear that systematic error sources are much more
likely for the 183 GHlz ozone data (sec section 5), and
could in principle explain these differences, a full un-
derstanding of the actual sources of this discrepancy
is not available yet.We aso note that the 205 GHz




ozone data have consistently given better comparisons
with other datasets (see below) than the 183 GHzre-
sults. Uncertaintics in sideband ratios and 183 GHz
radiometer pointing misalignment could in principle
combine to account for a large portion of this effect.
An independent analysis of radiometer pointing mis-
aligninents through the usc of moon scan analyses (see
Jarnotel. a., 1 994) hasled to the conclusion that a
shift (possibly incurred during launch) exists in com-
parison to the pre-launch alignment determination.
The M LS Version 3 data include a shift consistent
with these findings, but not quite as large as the final
result obtained from the moon scan analyses (possi-
My because of comnpensating sideband ratio errors).
Fig. 20 demonstrates the better agreement currently
found between the two ozone retrievals, using a semi-
empirical FOV elevation adjustment to improve the
agrecment in Version 3 data, We stress that relative
variations in 183 GHz ozone data should beempha-
sized rather than absolute values (for which the 205
GHez data are recommended). A reevaluation of the
parameters which can affect the MLS ozone data is in
progress, in light aso of the newer Oy spectroscopic
data, which has aflected the retrieved tangent pres-
sures by ~ 6 % in more recent analyses (scc section b
and Fishbeinet a., 1994). A brief update concerning
this topic is provided in section 8.

5. Estimated Uncertainties

In this section, an estimated error budget is for-
mulated. Comparisons with other data sets can help
detect biases, and wc will sec in the next section how
consistent those analyses are with the uncertainties
presented here. A list of error sources {imnostly sys-
tematic in nature) is given in Table 2, and the MIS
ozone Sengitivity to these factors is studied, primar-
ily via a series of tests for onc day’s retrievas. in
principle, the error analysis method of Rodgers (1990)
could be applied here instead of sensitivity tests, with
equivalent results (wc did usc this approach for the
measurement noise and a priori error contributions);
however, issues like latitude dependence of errors and
errors in forward model parameters Can somnetimes
be more easly studied using the actua retrieva algo-
rithms and their sensitivity.

First a comnment is worthwhile, regarding the un-
certainties listed in the Version 3 ML S data files.
In general, the estiinated rims uncertainties in these
files arc soimewhat larger than the actual atinospheric
rins variability, particularly in the lowermost altitude
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range. Fig. 21 is an example of a relatively quiet day
(from an atmospheric variability point of view), and
shows the ratio of rins variability (about the zonal
1 leans) to estimated rins uncertainties (from Version
3 ozone results for 205 Glz radiometer data), con-
toured versus latitude and pressure. Ratios smaller
than unity can occur in regions of poor measurement
sengitivity, as occurs near the tropopause (especially
for 183 GHz ozone), where the a priori constraint can
artificially reduce the variability relative to the gen-
erally very conservative a priori uncertainty. Also,
some error sources included in the retrieval code arc
not random in nature (e.g. part of the a priori tangent
pressure estimated error arising from pointing knowl-
edge uncertainty, and its impact on ozone). Later in
this section, we will compare the uncertainties from
the MLS data files to the randomn and systematic er-
ror estimnates derived below. We now turn to a dis-
cussion of the various error sources listed in Table 2
following the order listed in that Table. Resulting er-
ror estimnates are given in Figs. 22 and 23 for the 205
and 183 GHz radiometer data respectively. Although
plots cover the range 100 to 0.1 hPa, we caution that
the recommmended vertical range for useful scientific
studies needs to be taken into account.Based onin-
creasingly poor measurement sensitivity in the Ver-
sion 3 data files and the error analyses (given tm-
10W), 205 GHz ozone band data analyses for atitudes
above 0.46 hPa or below 46 hPa arc not advised, nor
arc those for 183 GHz banddata at altitudes above
0.046 hPa or below 46 hPa. Some information isS con-
tained at the limiting levels indicated above (and even
at Level 2 pressures above and below these), but the
full capability of theineasurements will need to be
exploited better in a future MLS data version. Error
contributions near and beyond the limnits stated above
will change somewhat with such new software. For ex-
ample, particularly for 183 Gllz ozone data in the low-
ermost stratosphere, a priori error contribution will go
clown, but other error sources in this region are likely
to go up because of their artificial “dainping” by the
a priori weighting (i.e. Fig. 23 characteristics in the
lowermost stratosphere will change).

Radiance noise determines the precision (repeata-
bility) of the retrieved profiles. Precision estimnates
based 011 the measurement noise contribution (calcu-
lated via the method discussed by Rodgers . 1990) arc
shown in Figs. 22 and 23. These values arc closc to -
but (8s expected) generally slightly lower than - those
obtained from an empirical estimate of precision, i.e
based on observed variability during several suiminer



( “quiet”) days near the orbit turn-around tangent
points (latitudes of 34N or 34 S), where the densest
sampling occurs, and severa tropical data sets (where
actual atmospheric variability is also expected to be
near minimurm). We have kept the theoretical esti-
mates of precision as probably the better indicator of
true precision (this could only be checked exactly if
the same atmospheric parcel was monitored for many
measurements, and if atmospheric variability was neg-
ligible).

Scaling errors in calibrated radiances can arise
from three sources: radiometric calibration errors,
sideband ratio errors, and spectroscopic errors in line
strengths. The first two sources of error are discussed
by Jarnot et al. (1 994). Based on this reference, wc
use asystematic error (“one sigma type’) of 0.6% for
the radiometric calibration of the 205 GHz and 183
GHzradiomecters, which is assuined to correspond to
about one third of the worst-case error expected;this
error reflects inostly uncertaintics in the characteriza-
tion of losses through the M LS antenna and switch-
ing mirror. Note that a spectrally flat radiance offset
across the band (s) is taken out by the retrieval soft-
ware, which uses only spectral contrast to retrieve
mixing ratio values. Radiances from the two side-
bands arc combined to yield total radiances for each
ozone band. The relative weighting of eachsideband
is described by the sideband ratio values (see Jarnot
et a., J994), determined before launch. Based on
the a »ove reference, sideband ratio errors can lead
to likely (one third of worst-case) radiance errors of
0.6% for the 205 GHz ozone band and 7% for the
much poorer characterization of the 183 GHz ozoue
band. Finally, asystematic line strength error of 0.5%
is used for the ozone lines considered here (H. Pickett,
private comnmunication, 1994); this is larger than the
intrinsic contribution from dipole moment measure-
ment €TOrs in the microwave region, but it includes
uncertainties inthe corrections made for centrifugal
distortion eflects. Taking the above three sources of
error in consideration, wc then usc a combined (root
sumn squared) scaling error of about 1.0% and 7%
for the 205 and 183 Gllz ozone bands, respectively.
Since we arc using radiances in a mostly optically-
thinregime for Version 3 data files, the scaling errors
above will trauslate to mixing ratio errors directly,
to first-order, as can be seen in Figs. 22 and 23; for
205 GHz ozone retrievals, radiance scaling uncertain-
tics lead to dightly more than 1 % error, whereas the
7 % radiance scaling error for the 183 GHz band can
produce 81010 % errors in ozone for pressures less
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than 22 hPa, with increasing (non-linear) eflects at
higher pressures. The 183 Gllz ozone error budget
is largely dominated by this potentia radiance scal-
ing error (arising from the poorer characterization of
sideband ratios). Ozone abundances obtained from
the 205 GHzradiometer should give a better indica-
tion of the actual systcinatic error to expect in the
183 GHz ozouc retrievals (see discussions later in this
paper).

Each M LS channel has au associated filter shape
(spectral response) and position. There is a potential
source of error in the knowledge of filter shape (see
Jarnot et al., 1994). Following the above reference, wc
have used an uncertainty of 0.03% per MHzslope on
the existing filter transmission functions as a worst-
case; this bias was applied for all channels on onc
side of the ozone line and with a different sign on the
other side, as a worst-cam scenario. Resulting errors
arc essentially negligible, as exemplified inFigs. 22
and 23, where the plotted rins- type errors (worst-case
divided by threc) are barely visible in the lowermost
stratosphere.

Errors in field of view {FOV) direction have to do
with the uncertainty in knowledge of the true point-
ing direction of each radiometer. in the case Of 0zone,
we arc interested in possible errors arising from any
misalignment of the 205 GHz or 183 Gllzradiometer
FOV with respect to the 63 (;112 FOV (errors in abso-
lute pointing of the 63 GHzFOV arc accounted for be-
Jow as possible systematic errors in tangent pressure).
Although post-launch moon viewing calibration data
gave no indication of a need to reconsider the align-
ment of tile 205 GHz radiometer (to within the pre-
launch errors), the 183 GHz radiometer data indicate
the need for an alignment adjustment from the pre-
launch value (see Jarnotet a., 1 994). Changes in the
software parameters producing Version 3 data were
made t0 accomodate a possible inisalignment consis-
tent with the moon calibration data as well as the
observed diflcrences in 0zone between the indepen-
dent radiometer data. The MLS Version 3 data used a
misalignment value of 0.006° (about 290 1 intangent
height), somewhat less thau the ~noon-derived result
of 0.0110 (finalized only &fter the software changes for
Version 3 data production),albeit consistent within
the errors of the alignment determination. Eleva-
tion alignment errors of 0.0016 and 0.012 degrees, for
the 205 and 183 GHz radiometers respectively, were
used as the basis for our estimates of in-ofilc errors
arising from remaining (worst-case) misalignments in
FOV direction; the first number corresjronds to pre-




Jaunch (worst-case) knowledge for the 205 GHzra-
diometer data, while the second number reflects the
post-launch uncertainty based on moon calibration
tests for the 183 GHz radiometer, since independent
evidence on ozone abundances indicate that there is
reason to place more confidence in the post-launch
numbers for the 183 GHz radiometer. in fact, the 183
GHe uncertainty (in relative FOV direction) used here
is a conservative number, since we have added the ('3
sigina” ) uncertainty (0.007°) fromn moon scan analy -
ses (see Jarnot et al., 1994) to the possible alignment
change required (0.005°) to best fit the moon scan
results alone (not the 205 GHz ozone results). Re-
sults in Figs. 22 and 23 are based on these worst-case
sensitivity tests and a factor of 3 reduction to provide
ris-type uncertainties. The larger uncertainty for the
183 GHz radiometer FOV gives rise to the more sig-
nificant potential systematic errors (a few %) seen in
Fig. 23.

Errors in FOV shape were also considered, by
assuming that an crror in beamwidth (radiometer-
dependent) can modify the retrievals, and so can an
error inthe pattern’s sidelobe levels. For the 205 GHz
radiometer, based on Jarnot ef al. (1994), a worst-
case beamwidth error of 0.003° was assumed. The
spectral dependence of the field of view is less than
the estimnated accuracy in FOV beamwidth (0.0030),
as mentioned in Jarnot et al. (1994). For the 183 Gliz
rad iomet er, somewhat larger errors are used, based on
the fact that the post-launch determination of FOV
misalignment for this radiometer would lead one to
suspect a corresponding error in FOV shape as well
(1.e. difterent from the ineasured shape, which as-
sumed a different aligmment). Using an estimate of
the likely change in FOV shape from the worst-cam
misalignment in 183 GHz radiometer FOV (0.0180),
we have used an error in beammwidth of 0.005° as a
worst-case possibility. The resulting ozone rins errors
(worst-case divide by three) shown in Figs. 22 and 23
do not play aajor role comnpared to other systematic
error sources. Errors in antenna sidelobe knowledge
arc considered negligible for ozone retrievals in the
stratosphere, given the small (1%) amount of lower
atmospheric radiance contribution from the sidelobes
and its even smaller spectral contribution. The rela-
tive error contribution from sidelobe level uncertain-
ties should be amaximum when the antenna is point-
ing ncar 60-70 ki, and the lower sidelobes arc receiv-
ing strong signals from the troposphere (with weaker
signals arising from the tangent point).

Spectroscopy errors canclearly lead to retrieved
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profile errors.  Errors in line strength have been
included above as part of radiance scaling errors.
Jine positions are known extremely accurately at mi-
crowave wavelengths, and thus do not represent a
significant error source. A related error could arise
from imperfect knowledge of the Doppler shift of the
cinitted radiation, caused by line-of-sight velocity ef-
fects. Since the spacecraft and earth velocity compo-
nents along the line of sight are quite well known and
are accounted for in the retrieval algorithms, atmo-
spheric wind will constitute the largest error source,
with maximumn effect in the lower mesosphere (arid
for channels adjacent to the center channel).For a
conservative line of sight velocity error of 50 in/s, the
ozone radiances for the 205 GHz radiometer will be
negligibly aflected (less than a 0.05 K effect). For the
183 GHz ozone line, a1-2% (0.2 K) eflect on some
radiances is possible, but this is a negligible eflect in
tile stratosphere, and we have aready mentioned sig-
nificantly larger error sources for these retrievals, in
order to include possible errors in linewidths, a 3%
error in the broadening function was used to estimate
systematic errors in profiles arising fromn this source,
based on the spectroscopic work of Oh and Cohen
(1 992), who quote a 3% accuracy value. Correspond-
ing ozone uncertainties (treated here conservatively
as “one sigma” values) are given in Figs. 22 and 23;
this error source is one of the more significant oues
for the 205 GHz data

Errors arising from retrieval numerics refer to the
d ifferences between the mixing ratio profiles used to
create simulated noise-free radiances, and the sub-
sequently retrieved ozone profiles, keeping other pa-
rameters (tangent pressure, temperature, etc... ) set
to the “true? (known) vaues. This error source is
fairly small (see Figs. 22 and 23) .

The error contribution from the a priori has been
evaluated using the formalism of Rodgers (1990) (see
what was termed null space error in that paper) aud
is included in the middle panels of Figs. 22 and 23.
As expected, this is smallin the region of good ea-
surement sensitivity (10 to 1 hPa in particular), but
rises in the in the mesosphere and lower stratosphere;
205 GHz ozone data is dominated by a priori con-
tribution in most of the mesosphere, where 183 GHz
ozone data is more MCASUTEl hept gensitive, whereas
the current 183 Gllz ozone retrievals losc sensitivity
helow the 10 hPa dtitude more quickly than the 205
GHz ozone values. If all themeasuremnent chaunels
were included (as planned in a future software ver-
sion), the a priori error contribution would be smaller



than shown here, especially for the 183 GHz data near
100 hPa.

Errors in tangent pressure can clearly give rise to
errors in mixing ratios (which arc based oz11 radiances
a the retrieved taugent pressures). A possible sys-
tematic error in Py, of about 6% (see Fishbein et
al.,1994) is assumed here, corresponding to about
300 m in tangent height. This potential error can
have a significant impact onozone (5 to 15 % for alti-
tudes at and above 46 hPa), and arises primarily from
possible errors in the 0, spectroscopic data base. In-
deed, post-Version 3 MLLS data updates will include
the latest recornmended spectroscopic data base by
Liebe et al. (1 992), which leads to a6% change in Oz
linewidth. A smaller (3%) error from this source may
bemore reasonable for updated M 1,S software, al-
though other error sources can also have somne itnpact
on the tangent pressure determination (see Fishbein
et a., 1994).

Siin ilarly, systematic biases In temperature can
lead to biases in mixing ratios, since the radiances
in the ozone band (S) depend somewhat on temper-
ature; this is a linear function at microwave wave-
lengths, where the temperature dependence is much
weaker than in the infrared or vltraviolet. Biases in
temperature were taken to be 2K for non-prolar lat-
itudes and 5K for latitudes poleward of 60 degrees;
these values are consistent with observed average dif-
ferences between MLLS and NMC temperatures (MLS
giving lower results, see Fishbeinet d., 1994). The
eflect of temperature biases was isolated by imposing
thesc biases while tangent pressure and other parame-
ters were constrained to “truth”. Corresponding rrns
changes in mixing ratios were then used to give the
ozone systematic errors plotted here (see Pigs. 22 and
23). Typically, ozone uncertainties arising from such
potential biases are of order 2-3 %, and somewhat
larger inthe lowermost stratosphere; the 183 GHz re-
sults are slightly less sensitive t0 temperature than
the 205 GHz results.

Error sources numbered 11 through 14in Table 2
deal with imperfect knowledge of emission features in
the ozone band(s). The dry ar continuum is a seni-
empirical contribution derived from the radiance data
inwing channels of the 205 GHz non-o zone-emission
regions. Irrors arising from imperfect knowledge of
this continuum are obtained by using a “worst case”
scenario ih the forward model, with no such contin-
uum, and comparing retrieved profiles to the standard
run.

Similarly, errors in other constituents such as HNOsg,
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N,O, 11,0, and SO,were considered, especially for
the lower stratosphere. These error sources lead
to profile errors primarily in the lower stratosphere.
1INO; was not retrieved by M LS software until af-
ter Version 3 data were created, and here, we will
use 11 NO,errors appropriate to this data version,
The differences between ozone retricvals using clima-
tological assumptions for HNO,versus M |, S-retrieved
HNOj3 provide abasis for ozone errors arising from un-
certain knowledge of HNOjg. This error source should
be reduced in results from future MLS data process-
ing.

N,O is a contaminant. of the ozone data near 205
G1lz because of a line outside the ozone band which
provides a (sloping) continuum in the ozone band,
primarily in the lower stratosphere. Given the lack
of enough spectral contrast for retrieving N 20, how-
ever, we assutne climatological values, and errors in
this assumption can lecad to errors in ozone. A sys-
tematic bias of 2(I % has been used here as the ba-
sis for the N2O uncertainty effect on ozone retrievals.
The same has been done for sensitivity to H,O (this
species also enters as a continuum eflect in the ozone
bands); the effect of water vapor comes mostly from
below the tropopause, however, where large increases
and variability can occur. Although MLS data con-
tain information on water vapor slightly below the
tropopause (Read et a., 1 994), this is not part of rou-
tine MLS Version 3 processing and was not used (as a
congtraint) in the Version 3 ozone retrievals. The un-
certainty results for poor knowledge of these species
arc displayed in Figs. 22 and 23. It may be that cer-
tain times and places are more subject to these types
of errors, and the values used here are only a guide.
Generally, these effects arc to be considered smaller
than the inexact knowledge of tangent pressure (and
temperature, 10 a lesser degree).

Finally, the effect of SO,should have a smal im-
pact on ozone (at 205 GHz) only during enhanced
conditions (eg. following the Mt.Pinatubo erup-
tion). To illustrate this here, we have used conditions
of enhanced SOz, at the 1 ppbv level in the lower
stratosphere (mnore than ten times background, but
ten times less than the highest Pinatubo effect ob-
served by MLS, as discussed by Read et al., 1993).
This type of SO2 “contamination” can give rise to
5% ozone errors inthe lowermost stratosphere, siini-
lar to the effects of HaO and N,O mentioned above, in
the 46 to 100 hPa range. However, under background
conditions, such errors will not appear; also, a fu-
ture retrieval scheme should account for the amounts



retrieved by M LS, especialy under enhanced condi-

tions.

We sce from the right panels of Figs. 22 and 23
that uncertain knowledge of certain atmospheric pa
rameters can have a significant impact on ozone ac-
curacy, especialy at the lowermost altitudes. Most
of these factors play a minima role, however, for a-
titudes above 46 hPa, and tangent pressure uncer-
tainties tend to dominate other effects at most alti-
tudes. Errors in minor constituents O! 800 and HO,
are negligible because of the small signa strengths
arising from these molecules; the 0"0O0 1mixing ra-
tio should be well enough constrained from the ozone
retrieval values, based on the expected isotopic ratio.

Finally, thereisa small residual spectral baseline
in the M1L.S spectra, after an empirical (post-launch)
set of chaunel-dependent offsets of order 0.1K has
been removed from the spectra, by using data at the
highest tangent altitudes (Jarnotet a., 1994). Vari-
ations in this residual baseline (as well as sinall aver-
age changes determined since the Version 3 data were
processed) can becused to ascertain the effect of this
error source. Since these variations are of order a
few hundredths of a degree or less, typically, this will
have minimal (inuch less than 1%) impact on ozone
retrievals, where signals are of order tens of degrees,
other error contributions make this source of error
negligible. A scan-dependent spectral baseline would
not be detectable in normal operations, but analy-
sis of radiances taken during satellite roll mancuvers
shows this is insignificant (for individual retrievals). .

Figures 24 and 25 give the total estimated er-
rors {randorn, systematic, and a priori contributions,
aong with the root sum square of these as total error)
from the (root sum sguare) combination of the error
sources discussed above, for the 205 GHz and 183 GHz
retrievals, respectively. We can see from these figures
that the 205 GHz ozone uncertainty is not dominated
by the systematic effects (rins estimnate of 10 to 15 %)
which account for the main part of the 183 Gllz error
budget (in the 110 20 hPa region). Ozone results from
the 183 GHz band will be most useful for mesospheric
studies, especially those dealing primarily withrela-
tive changes (€. ¢g. diurna variation analyses asin Ri-
caud et a., 1994). The random (imeasurement) noise
component plays a magor role for 205 GHz ozone data
from 0.5 to 10 h¥Pa, with (rins) systematic effects pos-
siblc also at the 2t0 9 4, level. At 46 and 100 hPa, the
apriori andsystematic error contributions will domn-
inate; thisis evident insome of the comparisons dis-
cussed in the next section, as well as inthe artifacts
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mentioned earlier, where averaging the profiles still
leaves a systematic effect - for example the yaw cycle
dependence at 100 h} 'a, The estimated uncertainties
derived by the M 1,S software agorithms arc also idi-
cated in Figs. 24 and 25, for comparison; these values
are generaly somewhat larger than the estimated pre-
ciston in the profiles, from a few percent larger in the
upper stratospherc to a factor of more than two at 100
hPa. Mid-to lower stratospheric Level 2 and 3 pro-
file errors should therefore be looked at as being close
tothe tota (random plus systematic - and a priori -)
ris error for ozone results at 205 GHz, and as a lower
bound to the total (rms) error for the 183 GHz ozone
retrievals. ldeally, statistical quantities such as the
estimated errors in average ozone (over a latitude re-
gion and/or a period of time) should also be handled
with these facts in mind, namely that only the ran-
dom part of the total uncertainty can be reduced by
the averaging process; in principle, the a priori error
contribution can also be removed (see e.g. Connor et
a., 1994). Using in large part the figures above, we
will surninarize the estimmated precision and accuracy
values in tabular form in section 7.

We note that the optitnumn use of all channels (es-
pecially for 183 GHz ozone data) and the suppression
of the radiance error inflator factor (see section 3) -
which may not be unreasonable in the future - would
lead to a reduction in estimated precision and a pri-
ori contribution. Tests with this in mind suggest that
tile main change for the 205 GHz data would be a
precision a 100 hPa closer to 0.25 ppmv, and a value
of 0.1ppmv for a priori error contribution a pres-
sures between 100 and1 h] "a For the 183 Gllz ozone
data, the a priori error contribution would be signif-
icantly less than 0.1 ppinv from1 to 100 h} 'a and
the precision would still be ~0.1ppmv for this re-
gion. in addition to this, systematic errors may not
be as large as these estimnates, which arc! not adefinite
statement about what biases actually exist. In fact,
radiance residuals mapped onto parameter space lead
us to believe that this “residual error” inay typically
be of order 0.2 ppwmv for the 205 GHz ozone strato-
spheric data (using improved software algorithins);
this is smaller than the systematic error estimate of
Fig. 24 iu the lower stratosphere, although this type
of residual error cau only be looked at as a minimum
systematic error (somne errors, such as aline strength
error, wouldnot show up in the residuals). For ozone
data from the 183 GHz band, however, residual er-
rors in the lower stratosphere (even with an improved
iterative retrieval) appear to be of order 0.5 ppmv or




more, and more work will be needed to understand the
sources of systernatic errors (and reduce themn). Nev-
ertheless, improved measurements of 100 h¥Pa ozone
mixing ratios from UARS MLS are likely in the fu-

ture.

6. Comparisons with other Data Sets

in this section, comparisons between MLS ozone
(205 GHz data) and other data sets are made. This
should, in principle, give results which are comypratible
with the estimated accuracies givenin sectionb.

Comparisons with ozoncsonde data

Comparisons are made between MLS 205 Gllz
ozone and ozonesonde data from selected sites, in the
100 to 10 hParange. The ozonesonde data usced here
generaly include about a year of measurementsand
cover a range of latitudes: Boulder (40N, 254.7 1),
Hilo (19.4N, 205.0F), Ascension Jsland (8.0S, 345.7E),
Brazzaville (4.3S, 15. 0E), Gardermoen (60.1N, 11 .0F)
and McMurdo (77.5S, 166.411). A scarch for possible
biases inthe MLS dataset is one goal of these anal-
yscs, assuming that the data used as comparison are
sufliciently accurate; we think this is the case but the
“true” atmosphere is diflicult to characterize at the
sub-five percent level of accuracy, and much work is
required to prove that such a goal canbe (or has been)
met. As a guide, the error bar on the ozonesonde data
prescnted here is taken to be 5 % of the ozone abun-
dance, which is probably somewhat of an underesti-
mate, particularly at 10 hPa, based on earlier analyses
relating to this mcasurement technique (Barnes el al.,
1985; Hilsenrathet al., 1986); indeed, this “canonical”
number1 nay apply to precision as well as accuracy
(separately), but we will consider enough profiles in
the average comparisons below that the uncertainty
in the mncan willbe dominated by the absolute knowl-

edge (accuracy).
Boulder site

Thefine resolution ozonesonde data taken at vary-
ing time and space ‘(locations” with respect to the
coarser M 1,S profiles lend themselves better to sta-
tistical analyses, rather than individua comparisons.
1 lIowever, for Boulder, we present a fcw examples of
individual profile comparisons (see Fig. 26), one for
cach scasonin 1992. Changesas a function of time
are similar for both sets of data (e.g. the spring max-
imum is observed in panel (b) of Fig. 26). We have
deliberately chosen to show in panel (d) of this figure
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apoor comparison at 100 hPa, where the Version 3
M 1,S value significantly overestimates the ozonesonde
Value.

A full year (1992) time series comparison for al
of the coincidences between 1992 Boulder sonde and
MLS profiles is givenin Fig. 27, for the four MLS
retrieval surfaces (10, 22, 46, and 100 hPa) within
the ozonesonde stratospheric altitude range. The
oronesonde data are siinply interpolated onto the
M LS retrieval grid. We plan to investigate possible
quantitative effects introduced by the different verti-
ca resolutions of these instruments, but wc feel that
this will not change the main conclusions reached
here. At 10 hPa, ozonesonde data are generally con-
sidered less reliable than at the higher pressures; how-
ever, the cyclic annual ozone variations at this level
are observed to be similar in both datasets. The saine
appears t0 hold for the 22 and 46 hPa levels, where
there is good tracking of the more complex temporal
variations in these datasets. At 100 hI'a, the MLS
Version 3 values are not very useful, given the size of
the estimated uucertainties, and a significant compar-
ison of the variations is not meaningful. 1l owever, the
average values at this level agree quite well; this is il-
lustrated in Fig. 28, where average sonde and MLS
profiles for the datasets shown in¥ig. 27 are dis-
played, along with panels of mecan aud rins diflerences
(in ppinv and percent) and other quantities discussed
below. The mean differences at al (4) levels of inter-
est are only a fcw percent, which is withinthe overall
uncertainty (precision) of the average values obtained
here (the size of these uncertainties is at most the full
width of the sguares used as symbols for the mean
diflerences). Any remaining average diflerences would
have to be attributed mainly to systematic errors in
cither or both datasets, athough a component of this
may comne fromn the different vertical resolution of the
instruments.

The standard deviation of the differences (between
MLS and sonde data) is displayed in the bottom pan-
cls of Fig, 28 (open circles) for comnparison with the
estimated rins precision of thediflerences (solid cir-
cles), i.e the root sumsquare of the typical MLS
and sonde precision (sce sections b and 7 for MLS
ozone precision values). One would expect the stan-
dard deviation of the diflerences (which removes any
average bias between the two datasets) to be equal
to or larger thanthe rins precision estimate, and we
scc from Fig. 28 that this is the case, but the stan-
dard deviations canbe a factor of two larger than
the rins precision. This could have several ex]Ja~la-




tions: the possibly conservative 5% precision value
for the. sonde data (especially at 10 hPa), true at-
mospheric variability between the profiles sampled at
non-coincident locations and times, vertical and hori-
zontal resolution differences between M 1,S and sonde
profiles (fine scales not resolved by M 1, S), or other
errors in the profile measurements. We plan to in-
vestigate the vertical resolution effects by vertically
simoothing the sonde data to the MLS resolution . It is
worth noting here that a large number of (smoothed)
SAG I 11 ozone profiles have been compared to M 1,S
ozone profiles (see Cunnold et al., 1994a) and that
the standard deviations of the differences between
these datasets agrees well with the rrns precision esti-
mates for the combined (difference) data. The other
quantity shown in the bottom panels of Fig.28 is
the rins difference between MLS and sonde profiles
(this equals the root sum square of the average difler-
ences and the standard deviations of the differences);
therms differences obtained in this section are often
dominated by the standard deviation of the differ-
ences (i.e. the bias is smal compared to the standard
deviation). "T'hesc rms differences could be viewed as
an absolute worst case total uncertainty inthe M LS
profiles.

Hilo site

Plots siinilar to Figs. 27 and 28, but for compar-
isons between MLLS ozone and Hilo ozonesonde data
during 1992, areshown in Figs. 29 ant] 30. The
agreement a 10 and 22 hPa is amost as good as for
RBoulder a those levels (near 5% mean difference, with
M 1,S slightly high, and 5 to 10% rrns difference). A
larger percentage difference is observed in the lower
st ratosphere, with M 1,S ozone lower than the aver-
age sonde value at 46 hPa by almost 0.5 ppmv (~
20%), and larger than thesonde data at 100 hPa by
~ 0.2 ppinv (which is a large percentage diflerence at
the low values of ozone observed there). Excluding
the 100 h]’a level, the ozone variations measured by
the sondes as a function of time at the various pressure
surfaces are well reproduced by changes in the M 1,S
ozone retrievals (with biases as mentioned above). Al-
though the biases are somewhat larger than for the
Boulder sonde data, the standard deviations of the
differences (see Fig. 30) are somewhat smaller, and
the total (rins) diflerences are not very different fromn
the values (inppmv) shown in Fig. 28.
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A scension |sland and Brazzaville Sites

The tropica ozonesonde data are of particular im-
portance since the eruption of Mt. Pinatubo, and we
examine next two datasets in the region just south of
the equator. Comparison plots arc given in Figs. 31
and 32 for Ascension island, and in Figs. 33 and 34 for
Brazzaville. The results from the two sites, for about
one year of data (October 1991 to roughly Septem-
ber 1992) give consistent mean differences with MLS
ozone. A bto 10% systematic overestimate of the
sonde ozone values exists in the MIS abundances at
10 and 22 hPa, while a ~ 20% undecrestimate occurs
at 46 hPa. ‘Jhere secins to be somewhat better agree-
ment inthe later portion (summer) of 1992 than dur-
ing the earlier time period shownin Figs. 31 and
33, a least a 22 and 46 h] 'a There may be some
improvernent based upon newer retrievals (discussed
later in this paper), which take into account the effect
of HNOg3 on ozone - and include updated O,spectro-
scopic parameters, but full confirination of this will
have to await more reprocessing of MLS data. As can
beseen in Figs. 32 and 34, the standard deviations
of the differences are again about twice the estimated
rms precision, in many instances, with implications
as discussed above. Rins differences are overall not
very diflerent than those shown for the Boulder and
Hilo sites.

Gardermoen Site

Figs. 35 and 36 arc similar informat to the above
comparisons, but they apply to the Norwegian site
of G ardermoen. The ozonesonde data we obtained
here cover about a year, but for 1993 (and one sound-
ing in early 1994) as opposed to the earlier portion
of the UARS mission. Also, although the tota um -
ber of ozonesonde profiles is not much different than
oth er comparisons above, these data are weighted
fairly heavily towards the winter period. Although
atmospheric variability and dynamics might be ex-
pected to play a bigger role for the comn parisons at
this site, especially in Or near the winter polar vortex,
therms differences of Fig, 36 are similar to those ob-
tained from the tropical and mid-latitude ozonesonde
comn parisons shown above. Iu fact, a significant part
of these differences are systematic in nature, as can
be seen by the ~ 0.3 ppinv bias between MLS ozone
and the sonde data (MLS values being higher); this
amounts to a few to 10% overestimate by MLS, except
at 100 hPa where the percentage diflerence is about
40%. Irends are generally well reproduced by both
datasets, and the standard deviations of the differ-



ences arc c.1losc to those shown above for other sites.

McMurdo site

The last ozonesonde dataset wc present is for Mc-
Murdo, Antarctica, where the period of most inter-
estis during the occurrence of the ozone hole. The
time span covered by the combined MLS and sounde
observations over McMurdo for 1992 is from late Au-
gust to mid-September, aong with one coincidence in
late October (see the time series comparison in Fig.
37).Rather good agreement is observed in the ozone
values and variations at 10 and 22 hPa; in partic-
ular, the large increase in 0zone abuudances which
has occurred by late October is tracked very closely
by both MLS and sonde data (sec also at 46 hPa).
At 46 hPa, the September decline in ozone is seen in
both datasets, athough MLS values tend to be sys-
tematically lower than the sonde data. A consistent
overestimate of the (sonde) ozone values by MLS data
at 100 hPa is observed, even if one can argue that
the large estimated errors in MLS ozone at this level
can explain the differences. This overestimate is even
larger than in the high northern latitude (Garder-
moen) case, and a factor of two difference exists here
inthe average profiles (for September 1992), about 1.5
ppmv for MLS versus 0.7 ppmnv for the sondc, as seen
in Fig. 38.This is caused in part by the occurrence of
unrealistic ozone “bulges’ a 100 hPa in some of the
MLS profiles, where 100 hPa ozone values are larger
than tile 46 hPa values. Such features arc not ol
served in the ozonesonde data and the MLS retrievals
need a systematic improvement in this respect at 100
hPa, regardless of the non-negligible noise level of in-
dividual retrievals at this height. We arc investigat-
ing this issue to assess whether this might be related
to poor knowledge of “contaminant” species (such as
H,0,N50, or HNOg) in this region at this time. How-
ever,it is worth noting that the standard deviations
of the differences arc smaller, for McMurdo than for
other sites considered shove (especially a 10 hPa),
indicating good tracking between thetwo datasects,
regardless of any biases.

Swmm ary

Iig. 39 suininarizes data from the 6 ozonesonde
sites mentioned above, as compared to MLS ozone, in
terms of average values at 100, 46, 22, and 10 hPa,
along with average and rms differences inppmv and
percent. Bven though the time periods of observation
arc not identical, this indicates how latitude varia-
tions fromn averaged ozonesonde data are reproduced
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by MLS coincident profiles. Even at 100 hl’a, the
average trends with latitude look encouraging. Secn-
sitivity tests with latitude-independent a priori ozone
indicate that the retrieved latitudinal variation is to
a large degrec unaffected by the choice of a priori,
even at this pressure level (the variation observed by
MIl.Sisnot - to first order - “caused” by the a priori,
because of poorer measurement Sensitivity). in some
instances (especiall y at high latitudes), an M1.S over-
estimate of ozone a 100 hPa exists, althcugh we note
that only half of the datasets used in the comparison
here show this as a significant problern. The generd
development of the ozone hole ant] the springtime re-
covery is well followed by MLS data, iu accord with
average column ozone comparisons versus TOM Sin
the polar region (see Froidevauz et a., 1994). How-
ever, given the biases as well asthe random errors,
MLS ozone (Version 3 data) at 100 hPa cannot bLe
considered reliable for detailed scientific analyses. At
46 hPa, there is a tendency for MLS data to lie be-
low the ozonesonde measurements by a few tenths of
appmv (except at Gardermocn, where the bias is re-
versed in sign). Some of the above differences may
be related to closure problems in the siinulations (see
discussion of section 4). At 10 and 22 hPa, mcan
diflerences arc systemnatically close to 5%, with MLS
ozone values higher than the sonde data; rins differ-
ences generally vary between5 and 1570. Temporal
variations observed in the sonde data (as displayed in
previous plots) arc generally well tracked by the MLS
205 GHz ozone retrievals, from 46 to 10 hPa.

Jomparisons With ozone data from balloon
flights

We now present a summary of comparisons be-
tween MILS ozone data and ]nid-latitude measure-
1nents obtained from large balloon flights bet ween fall
1991 and spring 1994. The two datasets discussed
here arc the UV photometer (in situ) results (8 flights
total), aud the Subinillimeter Limb Sounder (SL.S)
data - remote sensing siinilar to the M 1,S technique.
These two datasets were chosen primarily because
they contain a significant number of profiles, even
though it is clear that the frequency of these flights
cannot match that of ozonesonde launches. The bal-
loon flights were made either from Daggett, California
(34.3 N latitude, 256,4 E longitude) or from Fort Suin-
ner, Ncw Mexico (34.9 N latitude, 243.2 ¥, longitude),
and wWc present average results for statistical reasons
(and for brevity). Time-series plots arc not appro-
priate in this case, given the relatively poor temporal




coverage of balloon flights. However, equinox condi-
tions at rnid-latitudes have the advantage of providing
a relatively static stratosphere, so that differences due
to atmospheric variability can be minimized.

UV phol omet er dala

The UV photometer is generdly considered among
the most accurate for ozone profile measurements
(Hilsenrath et cd., 1986). We have combined 8 pro-
files from a UV in situ instrument launched aboard
large balloons (which can reach somewhat higher al-
titudes than ozonesondes). Individual MLS and UV
photometer ozone vaues (6 of which are for profiles
measured within~ 300 krn of each other, and al of
which arc within 900 km) are not shown here, but
comp are quite well,1.e. essentially aways within the
estitnated combined rms accuracies - of order 7% a
best. A small bias emerges, however, between the
two datascts, as seen from the average comypsarison
profiles of Fig. 40, and the bias accounts for a sig-
nificant part of the rins differences between 22 and
5 h] 'a. The MLL.S ozone values are, as in the com-
parisons With ozonesondes, slightly higher than the
UV data (by about 5%), near the ozone pesk - from
5to 22 hPa. Agrecment a 46 and 100 hPa is Let-
ter than 0.1 ppmv, but even such a small overesti-
mate by MLS (versus the in situ data) canamount to
~20% at 1 00 h] "a, where the mixing ratios arc small
(less than 0.5 ppinv). Rins differences for these com-
parisons are of order 0.5 ppmv at all heights, which
amounts 1o 5-20% between 4.6 and 46 hl’a. For the
estimated precision of the UV photometer, we have
uscd 2% here, which would correspond better to the
observed rms variability (at balloon float atitude for
example) than the 5% canonical number used above
for ozonesondes. The standard deviation of the differ-
ences in Pig. 40 arc reasonably consistent with (but
generally somewhat higher than) the estimated pre-
cision Of the combined datasets.

SlL.Sdata

Ozone is measured by the SL,S experiment (Stach-
nik et al., 1992) from emission at 625 GHz, as the
FOV scans through the atmosphere from the balloon
a float dtitude (~ 38 km); some information is also
retrieved about the ozone abundance above this al-
titude, albeit with poorer accuracy. The S),S ozone
profile averaged over the 5 rnid-latitude flights (all
near equinox) is displayed in Fig. 41, along with
the corresponding average MLS profile, and the sets
of difference values. The differences are very small
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throughout the stratosphere, i.e. a few percent sys-
tematic difference (not realy significant, given the rel-
atively small number of coincident profiles), with the
M 1S values generally on the high side. We expect
this sinall difference to be reduced when the newer
MLS software - with updated O,spectroscopy - is
used, since a few % reduction in ozone (at least above
10 h} 'a) is then likely (see section 8). The standard
deviations of the differences between M 1.S and S1,S
arc as small as any others presented above, and are
consistent with the combined error estimates shown;
however, these estimates include values whit}] repre-
sent accuracy (one sigma) rather than precision for
the S1,S data aud the actual precision for the SLS
profiles (which represent averages of many single pro-
files) is undoubtedly lower than the 5 % assumption
made here. The main point, however, is that the av-
erage M 1,S and SLS profiles presented in Fig. 41 are
remarkably consistent.

Comparisons with lick data
Table Mountain Facility (TMF)

The Table Mountain Facility lidar has acquired a
large continuous 0zone database since 1988 (see Mec-
Dermaid, 1993), and for this reason, we focus here on
comparisons Of this datesct with M1.S ozone (205 GHz
band) for the first, 2 years of ML.S operations. Redaclli
et a., 1994 have discussed sample comparisons be-
tween MLS data and lidar data from I’Aquila, and
comparisons With other lidar systemns are presented
in G'rose and Gille (1994).

Tine series comparisons from MILS aud TMF li-
dar data are displayedin Fig.42, and average profile
comparisons are shown in Fig.43. As we see fromn
these two figures, the 10 hPa comparisons give re-
sults which are in better agreemnent (on average) than
the other datasets shown above; namely, there is ex-
cellent agreement between the TMF lidar data aud
MLS ozone a this level, whereas a sinall but system-
atic 5% oflset was evident in the other dataset com-
parisons. If the ozonesonde data and UV results are
considered as “truth”, this would imply that both the
TMF lidar and MLS values are biased high (by about
5 %) near 10 hPa. Fig. 42 shows excellent tracking of
the annual cycle at 10 hPa for ML.S and lidar values,
and Fig. 43 gives rins differences close to 5% at this
level. Comnp arisons are nearly as good for the 4.6 hPa
pressure surface. Systematic differences between the
TMF lidar and MLLS data begin to appear in the up-
per stratosphere, where the lidar values become sol[]e-



what larger than the MIS data, especialy at the top
level of 1 h] 'a, where the bias is of order 15%. The
standard deviations of the differences between MLS
and lidar profiles increase with atitude, reaching 20%
a 1 hl’a; this could be in part because of larger atino-
spheric variability at the uppermost levels, and also
because of the reduced sensitivity of both instruments
in that region. Finally, we note from Fig. 42 that
there is a time period, namely during April and May
1992, when comparisons are significantly worse than
average; in these months, the lidar data exhibit some-
what more scatter than at other times and generaly
lic significantly higher than the M 1,S values. Prelin-
inary investigations indicate that some of this could
arise as a result of the transformation of lidar pro-
files from altitude to pressure coordinates, but this
will require further rescarch. Comparisons with other
datasets inay also help resolve the systematic difler-
en ces discussed above.

Other datascts

The purpose of this section is to mention other
ozonc datasets for which wc know some compar-
isons with ML.S data exist; this can help place the
above discussions in a broader context. First, a large
number of profile comparisons between MI.S ozone
(from the 205 GHz band) and SAGE 11 ozone data
have been perforined and presented in Cunnold et al.
(1994a). 'The general conclusion of that work is that
MLS (Version 3) ozone values arc about 5% larger
than the SAGE 11 data, for the stratospheric values
comprared (down to about 30 hFa); this result is (to
first order) not latitude or height dependent. This
would tend to agree with a good fraction (but not
all) of the comparisons shown in this paper for 10 and
22 h] 'a. However, the TMF lidar and MLS ozone com-
parisons (pressures of 1 to 10 hPa) do not show such a
bias. This could be because the T'MF hidar data also
have a slight positive bias (with respect to “truth”);
indecd, there arc indications that those data arc on
the high side of other lidar and grou~ld-based rni-
crowaveozone data (sec Grose and Gille, 1994), but it
isnot clear that a sufficiently extensive study has been
perforimed. Based o011 somne of the analyses discussed
in Grose and Gille (1 994) and other comparisons (J.
Gleason, privatle communication, 1994), MLS ozone
zonal mean values arc generally larger than the So-
lar Backscatter UltraViolet (SBUV/2) mean data, by
about 10 to 15%, with the amnplitude of temnporal vari-
ations larger in the M 1,S dataset than in the SBUV /2
data (possibly in relation to the different, vertical res-

21

olutions); an understanding of these differences will
require further study. Another set of ozone profiles
of interest is the dataset from the Atmospheric Trace
Molecule Spectroscopy (ATMOS) experiment aboard
the Space Shuttle (ATLAS missions); very encourag-
ing comparisous are emerging fromn such studies (M.
Abramns, private communication, 1994). Further com-
parisons of UARS ozone datasets can be found in
Cunnold et a. (1994b). Also, validation work of in-
terest would involve the comparison of mapped prod-
ucts at a given pressure. General features certainly
look similar among various instrument results (UARS
and SBUV/2 global data), but there arc some difler-
ences (sce e.g. Grose and Gille, 1994) which still need
to be fully understood.

i’. Precision and Accuracy of Version 3
Data

The evidence presented in this paper, arid the ref-
erences to other comnparisons mentioned here, indicate
that the MLS ozone data can be mnost reliably used
in the 22 to 0.5 hPa region. Comparisons with some
datascts which can be considered accurate to about
5% (i.e. UV photometer, ozonesonde, and SAGE 11
data) give 5 t0 10% (or better) agrecineni. MLS data
in this region tend to be about 5 ‘% larger than most
of the correlative values . We will sec in the next sec-
tion that this bias is likely to be reduced with a future
MLS software version.

W c have derived estimmated accuracy values as a
function of height by using the root sumnsquare of
the estimated systeinatic uncertainties and the a pri-
ori contributions given in section 5. Eventhough the
apriori error contribution, or smoothing error (see
Marks and Rodgers, 1993) is treated as a random com-
ponentin a theoretical sense (Rodgers, 1990), wc in-
clude it here as part of the accuracy figures, since av-
eraging many MLS ozone profiles in an dtitude region
of poor mneasurement sensitivity (e.g. a or above 0.1
hPa for 205 GHz ozone data) would - in the extremne
case - give a climatological value with error quite pos-
sibly larger than the systernatic uncertainty. By us-
ing this approach, one is kept aware of the fact that
there arc regions where the measurements should not
be considered reliable. For ozone data from the 205
GHz band, rounded-ofl’ values arc closc to 0.3 ppmv
froin22 to 0.5 h} 'a, and dightly under 0.6 ppmnv at
46 h] 'a the estiinated accuracy at 100 hPa for the
current retrievals is best expressed as being of order
50 % or larger, given the wide relative range of pos-



sible ozone mixing ratios (from tropics to poles) at
this altitude, We choose to round the estimates off
(generally on the high side) because these numbers
are estimates with probably one only significant digit
(past the decimal point). If wc compare these values
to typical residua errors, we find good agreement and
sec NO reason to change the estimates based on the ra-
diance fits. Based on the comparisons given in section
6 and the overall biases noted there, wc also see little
reason to change our estimates of accuracy (except at
46 hPa, sec below). Indeed, these are to be used as
“one sigma” estimates, and the biases (and certainly
the rms differences) between M 1,S and other datasets
provide at best an upper limit to the MLS accuracy
(since the other datasets do not have perfect knowl-
edge and true atmospheric variability affects the rins
differences). In fact, we believe that the estimated ac-
curacy istoo large at 46 hPa, given the comparisons of
section 5 (where the absolute differences at 46 hPa are
not typically worse than at other pressures). There-
fore, in the tabulated recommendations for 205 GHez
ozone accuracy (sec “1'able 3a), we have used a value
of ().4 ppinv (not 0.6 ppmv) a 46 hPa (or 20%) as
a guide. Indeed, this Table is to be used as a guide,
and the reader can look at the latitude dependence of
the comnparisons in section 6 for further information
on likely accuracy. We note, furthermore, that while
these Tables are not inconsistent with the quality of
simulation results discussed in section 4, wc cannot
convey al the information from that section or the
comparison results in onc Table. in terms of preci-
sion, comparisons with other datasets and repreata-
bility estimates for the MLS data indicate that the
measurement Noise contribution estirates of section
5 arc reasonable; wc believe that atmospheric variabil-
ity and non-colocation oOf mecasurements accounts for
the additional variability in the differences between
M LS and other datasets.

¥For 183 GHz ozone data, the estiinated values from
a prior1 and systematic error contributions given in
section § provide the basis for the tabulated accura-
cies in ‘Jable 3b. Given the agreement (within the
combined precision of the two ozone datasets) gener-
aly found between the 205 and 183 GHz ozone data,
the actual accuracy of the 183 GHz data is probably
better than given in the Table. However, the adjust-
ment to the YOV pointing alignment for the 183 GHz
radiometer contains a scwii-empirical comnponent, and
there is no doubt that - without other sources of in-
formation - the 183 GHz data is intrinsically Icss ac-
curate than the 205 GHz data. Also, the existence of
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larger radiance residuals supports this assertion. Typ-
ical residual errors would appear to be dightly lower
than the tabulated values, but not overwhelmingly so
(see discussion at end of section 5).

With the information contained in this paper on
possible small biases in the current M 1,S ozone val-
ues, keeping in mind again that “truth” is not rig-
orously known at much better than the 5% level of
uncertainty, the user can hopefully decide the level
of significance to attach to results obtained with this
dataset. It is not easy to assign a possible system-
atic error at the 5% level to one particular cause, and
a combination of factors could play a role, given the
error sources discussed in section 5. ‘I"he most likely
sources of this kind of potential 5 % bias (based on
the comparisons in section 6), particularly since it ap-
pears to occur in the upper stratosphere where con-
taminant species play a negligible role, would arise
from small errors in tangent pressure registration (an
error in the 0,63 GHz linewidth and/or an error
in FOV direction for the 205 GHz radiometer) or
inthe 205 GHz ozone linewidth itself. We aso saw
that the likely sources of systematic error for the 183
GH z ozone retrievals include the above factors (with
}OV direction errors accounting for an even larger
contribution than in the 205 GlJz radiometer case),
aong with asignificant uncertainty in the knowledge
of sideband ratios. It is possible that the reason for
an apparent disagreement between the FOV misalign-
ment estimate obtained fromn moon scan analyses and
the estimate obtained from acomparison between 205
and 183 GHz ozone datasets is because of a com-
pensating error in the sideband ratio values for the
183 GHz radiometer. Such issues may be difficult to
resolve completely, but continued investigations arc
planned.

8. Plans for Further Work

A test version of software with recent updates is
briefly discussed here interms of expected changes
in the future. One of the main changes involves re-
trievals of HNOg3 using the band 4 radiances (also used
for retrievals of the 205 Gllz ozone data); updated
spectroscopic data for this molecule have also been
obtained (¥. Cohen, private communication, 1994).
I addition to providing 1INOg data, this provides
some improvement in the ozone radiance residuals,
and should give somewhat im proved ozone values,
particularly in the lower stratosphere. The other
main change is the inclusion of updated spectroscopic




data for hand 1(63 Gllz Oz linewidth data), based
on Liebe et al. (1992), which amount to a 6 % nar-
rower linewidth. Other minor changes deal with bet-
ter modeling (in the forward model) of the sideband
ratio gradients within channels, a radiance interpola-
tion scheine for the use of radiance values at a tangent
point pressure of 100 hPa (for dlightly better infor-
mation content in that region), and a smoother aset
of priori (“climatological” ) values for the mixing ra-
tios - to fill in some gaps. ¥ig.43 gives a surnmary
of ozone results from this updated software (for a one
day run ). We observe asmall decrease in ozone above
10 hPa, increasing from 0% (at 10 h¥a) to a maxi-
mum of 6% in the upper stratosphere, with very Iit-
tle latitude dependence; this is a result of the lower
{(by about 200 m) tangent altitudes retrieved using
the newer Oy spectroscopy (see Fishbeinet a,, 1 994).
Increases in ozone are observed in the lower strato-
sphere, reaching 20 % at 46 hPa, with some latitude
dependence in the ainount of increase; this is largely
caused by the inclusion of HNOj in the retrievals. For
the 183 GHiz ozone retrievals, the HNOg3 retrievals
play no role, and the newer software predicts ade-
crease of order 5 to 10'%0 in most regions, with only a
small (1 %) increasc a 22 h?'a. However, we observe a
significant improvement in the radiance fits (values of
x2,. drop from about 14 to 4, on average), with sim-
ilar improvements in band 5 (1 1,0 retrievals), with
the newer software, which gives us some added confi-
dence inthe updated 0,spectroscopy and resulting
tangent pressures. The bottorn pandl of Fig. 43 gives
the percent difference between the 183 and 205 GHz
ozone data for this newer software. Most of the dif-
fercnces are not significant (given the uncertainties),
hut the systematic difference at 46 h Pa (of order 30%,
with 183 Gllz retrievals producing lower values) will
require further investigation. The accuracy of ozone
valucs at 100 hPa has not been improved by this newer
software, and more work is necded to resolve the ex-
istence of artifacts noticed in that altitude region in
particular (see section 4). Significant improvements
in this region will require better inodeling/knowledge
of the lower stratospheric continuum’ and contami-
nant species - including better H;O retrievals - and
anon-lincar retrieval scheme (for optimurn usc of al
channels, especially a 183 GHz).

Finally, the vertical resolution of the retrieval grid
can beimproved, even though the precision a a given
level would be degraded. Fig.44 shows the trade-
off between vertica resolution and precision, for the
205 Gliz ozone retrievals, assuming the current a pri-
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ori erors (mentioned in section 3). An optimum re-
trieval grid spacing of shout 3 ktn appears to exist, al-
thoughit may be more desirable to retrieve onthe ac-
tual UARS Level 3 grid points, which arc only dlightly
closer in spacing. We intend to explore these options
further for future upgrades to the software.

9. Conclusions

The MLS ozone data have been discussed from the
point of view of their internal consistency (radiance
closure), as well as in comparison to other reliable
datasets. Precision and accuracy estimates for both
the 205 GHz and 183 GHz data (MLS Version 3 files)
have been given, and likely sources of error have been
presented.

We find that the vertical range of usefulness for
the Version 3 (205 GHz) data is 46 to 0.46 hPa,
with 100 hPa retrievals not yet consistently reliable.
The rms precision is of order 0.2 ppmv throughout
1 nest of the stratosphere, with estimated (rms) ac-
curacy of order 0.3 ppmv (~ 3% to more than 50%
- at 100 hPa -). A large part of the radiance closure
problems in the lower stratosphere wilt be remedied,
it seems, by the inclusion of HNOj retrievals; bet-
ter knowledge of other contaminant species (such as
11,0 and N,0) and tangent pressure will also help.
Also, revised O,spectroscopic paramecters should help
reduce the slight (5% or so) MLS overestimate of
ozone which may exist in the mid-to upper strato-
sphere (through more accurate retrievals of tangent
pressure). At the sub-5% level, it becomes difficult to
rigorously demonstrate that one dataset is the closest
one to “truth”.

For M 1.S Version 3 ozone values retrieved from the
183 GHz radiometer data, the stronger line can lead
to more precise measurements in principle; however,
radiance closure analyses and absolute mixiug ratios
after launch pointed to theexistence of larger sys
tematic eflects in this dataset, most likely as a result
of poorer calibration knowledge. The optimum usc
of al channels in the future should inprove the sit-
uation, especialy in thenid-to lower stratosphere,
and tile stronger line and relative lack of cortami-
nant species are an advantage for this dataset. The
currently recommended vertical range of usefulness is
46 to 0.046 hPa for 183 GHz ozone results, but we
recommend the 205 GHez data for the stratosphere
and the 183 GHz data for the mesosphere (because of
the larger signal-to-noise). Significant improvements
in closure arc known to occur when updated O, spec-



troscopy is used.

Future iterative retrievals will produce improved
UARS MLS datasets. Other engineering issues, like
increasing the spectral bandwidth, will improve fu-
ture lower stratospheric measurements planned for
the Barth Observing System (EOS)MLS; note that
the UARS MLS instrument was not originally de-
signed for the lower stratosphere, when chlorine-
catalyzed ozone depletion was thought to be mainly
an upper stratospheric issue. The information and
caveats in this paper shou]d alow for a more informed
group o researchers to appreciate the quality of cur-
rently available MLS ozone data, and to proceed in
their analyses with more confidence (Or more caution
in some cases). We look forward to providing even
better datasets from MLS in the future, with opti-
mutn use of this instrument’s capabilities.
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Appendix: Combination of a priori and
measurement. information

Starting with measurements y with error covari-
auce E, and an assuined linear relation (via weighting
functions K') to state vector & (Or more accurate] y, a
linear relation between departures of these quantities
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from true or a priori values), the well known weighted

least-squares solution for & and its error covariance S
1s:

#1s = (K" E™' K)-' KT E 'y, (Al)

Ss = (KT BT K)? (A2

The above solution minimizes the sum of the sguared
resduals (y—K=x)? E~}(y— K=). Also, given 2 esti-
mates 1 and x4 of quantity &, with error covariances
S and Sy, the maximum likelihood (or optimum) es-
timate of @ and its error covariance S can be written
as:

= (S71 4 SN (STl + S7'xs), (A3

S=(S7! 4 s31)7! (A4)

If we now replace, in the above 2 equations, x;
and S by x, and S, (a priori estimates) and *2
and Sz by #1s and Sis above (based on a set of
measurements y), we obtain

= (S; 4 KTE Ky (S 2.+ KTE 'y) (A5)

S = (5" 4 K"ETK)! (A6)

This equation (sec Rodgers, 1976) is the basis for the
scquential estitnation equations used in the MLS re-
trievals. indeed, the above equations can be rewritten
in @ manner more similar to the “scalarized” equa-
tions (1) and (2) of section 3, namely

d=xq + SoKT (KSa K" 4 E) (y-18), (A7)

§=58,- SaK" (KS,KT +- E)' KS,(AS8)

where departures from a priori state vector are now
expressed as a function of departures from a priori
radiances (y5)-
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Table 1. State Vector Components in M 1,S Version 3 Retrievals

_Radiance Band Retrieved Compoxllmllts Constrained Comnpsonents .
B1 (63 Glz) Pran, 1, yo! 702, 070 o Ry, ke, B
BH (183 Gllz) FHa0 yeld Pian, T, 6X’, v, R, Rs
B6 (183 Glz) §0:(183) 4o Pian, T, F720,6X v, Ry, Rs
B4 (205 Gliz) FO(208) yyets Puan, T, $720,§0°00 45X v, Ry, Rs
B2/B3 (205 Gliz) §C10, f50a gHNOs, Pn, T, {03209, 1120, gHi%0,
off g lin f 000 sx v, lip;, Ks

Yoy3, Y23

Hold type indicates a vector (like T, f, v,and B), including a quantity which hasan updated value for each
scan position (like Pan, y°//, and y"". Rp and s arc updated once per major frame (complete scan)for their
cffect on radiances, hut once per minor frame (scan dwell position)inthe a priori equation for tangent pressure
(see description i text). Mixing ratios (f) include the appropriate species as a superscript. Other quantities are
defined in the text.

Table 2. Error Sources Affecting M 1,S Ozone Retrievals

Error source

1. Radiance noise
2. Radiance scaling error (includes radiometric, sideband ratio, and line strength errors)
3. Error in filter shapes
4. Error inFOV direction (relative to 63 GHz radiometer FOV)
5. Frror in FOV shape (includes spectral dependence)
6. Error in ozone linewidth
7. Retrieval numerics
8. Firror contribution from a priori
9. Error in Fran
10. Error in atmospheric temperature
11. Errorin dry ar continuum
12. Error in knowledge of Ho0
13. Error in knowledge of 1INOj3
14. Error in knowledge of N,O
5. lrror in knowledge of SO,
Other sources of error exist, but are either implicitly included in this list, or considered to be negligible (sec
text). The 11INO,, N,0 and SO, error sources were only applied to the analysis of 205 GHz ozone.




Table 3a. Estimated Precision* and Accuracy of MLS 205 GHz Ozone

UARS Pressure Precision Accuracy
Standard Level (hPa) (ppinv) (percent) (pprnv) (percent)

20 0.46 0.37 20 0.3 15

18 1 0.31 10 0.3 10

16 2.2 0.23 4 0.3 5

14 4.6 0.2 2 0.3 5

12 10 0.18 2 0.3 5

10 22 0.16 3 0.4 5

8 46 0.22 1 0.4 20

6 100

0.55 >50 250

* Precision given here is for individual profiles.

Table 3b. Estimated I'recision” and Accuracy of MLS 183 GHz Ozone

UARS Pressure Precision Accuracy
Standard Level (hPa) (ppmv) (percent) (ppmv) (percent)
26 0.05 0.3 55 05 >50
24 0.1 0.26 30 0.3 35
22 0.22 0.17 17 0.2 20
20 0.46 0.1 6 0.2 10
18 1 0.1 3 0.4 15
16 2.2 0.1 2 0.8 15
14 4.6 0.1 1 0.9 10
12 10 0.13 2 0.9 10
10 22 0.2 3 0.8 15
8 46 0.1 6 0.8 145

* |'recision given here is for individua profiles.




Figure 1. Main spectral features contributing to the MLS radiances from the 205 GHz ra-
diometer, for typical lower (46 h] '@ and upper (4.6 hPa) stratospheric inid-latitude conditions.
Spectral regions covered for both primary andimage sidebands of bands 2and 3 (for C]()), and
band 4 (for ozone) are indicated by vertical dashed lines, Spew.ics withsignificant cmnission fea-
tures are indicated. A similar diagram is given in Lahoz el al. (1994), for the HoO and 183 Gllz
O3 spectral features measured by MLS.

Figure 2. Scher natic of the UAR § MLS measurcinent geometry. The UARSM 1,S observations
arc made from point. S, where emission from the carth’s atmosphere (e.g. points Py and Pg) is
reccived, as the MLS antenna scans through the limb.

Figure 3. September zonalmean cross section for climatological ozone (ppmv) used as a priori
information (scc text) in the ret, rieval algorithims.

Figurc 4. Error ratio {estimated over a priori) for M 1,S ozone retrievals at 70S latitude (thin
lines) and at the equator (thick lines); solid lines are for 205 GHz results, dashedlines are for
183 GHz results (both for September 17, 1992).

Figure b. Averaging kernels (see text) of h41,S Version 3 ozone retrievals for (a) 205 Gliz and
(b) 183 Gz,

Figurc 6. Simulated radiances and residuals for M 1,S 205 Gz ozone. The simulations use
smoothed h4l, S retrievals from Sep.17,1992 as input ( “truth”). Average results for a 10 degree-
wide latitude bin centered at 405 are shown. Signals are interpolated onto the MLS retrieval
pressure grid and shown for tangent pressures from 0.46 hPa (top left panel) downto 100 hPa
(bottom right panel). “Observed” radiances (I{) from the synthetic profiles are drawn as solid
lines versus frequency from the center channcel (in MHz); clashed lines give the “calculated” radi-
ances - hased cm retrievals from the “observed” radiances -, although the two radiance curves are
oftenindistinguishable 011 the scale shown. Radiance residuals (“observed” minus “calculated”)
are displayed about the horizontal “zero line”, based ou the right-axis scale (expanded relative
to radiance scale by afactorof 1 O).

Figure'i'. Same as Fig. 6, but for MLS 183 GHz ozone (with different radiance scale, but still
a factor of 10 expanded scale on the right axis for residuals).

Figure 8. Contour plots of x* statistics (goodness of fit, ) for radiances inthe 205 iHzozone
band (left pancls), and the 18 3 GHz ozone band (right panels), for the simulated data discussed
in relation to Figs. 6 and 7. Pancls (a) and (b) give zonal mecan values of xZ, (sce text) versus
tangent pressure. Panels (c) and (cl) give zonal mean values of x2,, (sec text) as the solid line,
with minimum and maximum values given by dashied lines.

Figure 9. Contour plots (versus pressure and latitude) of zonal mean ozone sirnulations for
MLS retrievals from the 205 GHz band. (a) simulated “true” ozone (ppmv) (b) retrieved ozone
(ppmv) based on a set of model radiances (with noise), gencrated from the “true” profiles (c)
mean differences (ppmv) - retrieved minus “true” profiles - (d) mean permit diflerences; large
percentage differences exist at 100 hPa partly because mixing ratios can be very small.

Figure 10. Maps of ozone (ppimv) for “true ozone” (tops row) and retrieved ozone from 205 GHz
simulations (bottom row) - with redlistic radiaiice noise - at 46, 10, and 2 hPa (as indicated).

Figurc 11. Same as Fig. 9, but for zonal inean comparison of siinulated ozone from 183 GHz
band with “true” ozone (note that pressure scale extends to ().01 hPa).

Figure 12, Radiances and residuals for MLS 205 GHzozone inthe 40S latitude binon Sep. 17,
1992 (actual data, not asimulation). Format used here is identical to that in Fig. 6.

Figurce Y 3. Radiances and residuals for MLS 205 GHz ozoue in the loweriost stratosphere (46
hPa onthe left, 100 hPPa on the righty, at 10S (top two pancls) and 70S (bottom two panels), on
Sep. 17, 1992. Format used here iS identical to that used for cach panel of Fig. 12 (and 6).




Figurc 14 Samc as Fig.12, but for MLS 183 GHz ozonc.

Figure 15, Same as Fig.13, but for MLS 83 GHz ozone, and for 46 and 22 hPa rather than
100 and 46 hPa.

Figure 16. Contour plots of x? goodness of fit (radiance) diagnostic for 205 Gllz ozone (left
panels), and 183 Gl1z ozone (right pancls). Format is identical to that of Fig. 8, but actual data
for Sep. 17, 1992 are used here rather than simulated data.

Figure 17. Zonally-averaged diagnostic (x2,.) as a function of latitude and tine, for radiances n
the 205 Gz radiometer ozone band (top pancls), and the 183 Gllz ozone band (bottom panels).
Left pancls are for the first year of UARS MLS data, and right pancls are for the second year (no
data beyond mid-April from the 183 GHz radiometer). Color bars on the right give the scale for
2

Nia Values.

Figurc 18. MLS 205 GHz ozone profiles versus climatological profiles for January and July.
The climatological data (sec text) are shown for January (solid line) and July (dashed line) at
the various latitudes shown in the b panels (60N, 30N, 0, 30S, and 60S, top to hottom). MLS
ozone values are given by crosses for January, and open circles for July, at the same latitudes
(zonal means over a b degrec wide bin centered at the above latitudes); 4 days of MLS data in
mid-January aud mid-July 1993 were used here.

Figure 19. Mapped field of the MLS-retrieved ozone abundances at 46 hPa minus those at
100 hPa; blue and purple colors indicate a negative diflerence, t.c. a retrieval artifact {“bulge”
at 100 hPa), if sustained over a large area - not just a noise eficct. These tend to occur at polar
and equatorial latitudes. Top panel is for north-viewing conditions on Oct. 12 1991 aud bottom
panel is for south-viewing conditions on Sep.12 1992.

Figure 20. Zonal mean diflerence (%) between the two MLS ozone retricvals (183 Gllz minus
205 (iHz ozone). Top panel is for Version 2 data, when the retrievals used pre-launch values for
IOV angular offset versus the 63 GHz radiometer; bottom panel is for Version 3 retrievals (sec
text for discussion of angular offset adjustinent).

Figure 21. Rins variability about zonal means divided by estimated uncertainty (from MLS
Version 3 data files), for 28 Nov. 1992 (a day with minimal variability) for 205 GHz ozone (top
panel) and 183 GHz ozone (bottom panel).

Figure 22. Frror characterization for the MLS 205 GHz ozone data. Rms uncertainty estimnates
are given for the various error sources listed in Table 1. Top panels give uncertainty in ppinv, and
bottom panels give the values as a percentage; results are generally averaged over all latitudes
based on sensitivity tests for a full day of MLS retrievals (sce text for details). Left pancls:
uncertainties from radiance noise (solid line), and systematic errors in radiance scaling (dotted
line), filter shapes (dashed line) - essentially negligible, only seen as 5% eflect at 100 hPa -, FOV
direction (dash-dot), and 1'OV shape (dash-dot-dot). Middle panels: uncertainties from ozone
linewidth (solid line), retrieval numerics (dotted linc) and a priori error contribution (dashed
line). Right panels: uncertaintics from systematic error in knowledge of Py, (thick solid linc),
temperature (dotted line), dry air continuum (dashed line), H20 (dash-dot), HINOz (dash-dot-
dot), N2O (long-dashed line), and SO, (thin line).



Figurce 23. Sameas Fig. 22, but for ozone from 183 Gl band data. The last three error
sources (from H NOg, N3O, and SOz) in Fig. 22 are not present for 183 GHa.

Figure 2-1. Total estimateduuncertainty for 205 GHzradiometer ozone. Random (clotted ling),
systematic (dash-dot line), and a priori error contributions (dashed line), along with total (rss)
uncertainties (solid lines connecting squares) are plot ted as a Tunction of pressure. Also, typical
(global rins) uncertainty values given, in M LS Version 3 data files are shown as crosses (see text
for discussion). Top panel gives values inppmv, and bottorm panel is given in percent (of global
rins profile for September 147, 1992).

Figure 25. Same as Fig. 24, but for 183 GHz ozone.

Figure 26. Individual profile comparisons b etween MLS 205 GHz ozone and o zonesonde data
fromn Boulder during 1992, Data were taken on the following dates: (a) January 3 (b) April 17
(¢) 1T 29 and(d) October 8. Examples of good correspondance between the two data sets are
shown (panels (a) through (c)), as well as anexarnple of an unresolved problemn in ML S ret rievals
at 100 hP’a (panel (d)). MI. S data are connect ed solid circles with estitnated uncertainties from
the (Version 3) data files (sec text); correlative sonde data are given by solid line, with a shaded
uncertainty of 5% (see trot). Distance (kin) and time diflerence (hr) betweenthe M 1,S retrieved
profile and the sonde data are indicated on right side of cach panel.

Figure 27. ‘Jillle-series comparison between MLS ozone 1nixing ratios (ppinv) at 100, 46, 22,
and 10 hPa (bottom panel to top panel) and Boulder ozonesonde data during 1992 (42 coincident
profiles total); MI, S data are plus symbols (red) with estimated uncertainties (sec text) andsonde
data are diamonds (blue) with estimated uncertainties (sec text).

Figurc 28. statistics Of comparisons between M LS ozone profiles and coincident Boulder
ozonesonde data presentedin Fig. 27. (a) Average MLS ozone profile (ppmnv) - solid circles
connected by line - and sonde profile - thick line - (b) Average differences (ppinv) at the MLS
retrieval grid points (100, 46, 22, and 10 hPa) - squares - and rms diflerences (ppinv) - crosses,
along with the standard deviations of the differences - open circles - and the estimated rins pre-
cision of the differences - solid circles (€) Same as in (b), but as a percentage of the mean sonde
profile.

Figure 29. Time series comparison between MLS ozone mixing ratios (ppmv) at 100, 46, 22,
and 10 hPa (bottom panel to top panel) and Hilo ozonesonde data during 1992 (29 coincident
profiles iotd]); formatissamcas for Fig. 27.

Figure 30. Statistics of comparisons between MLS ozone profiles and coincident Hilo ozonesonde
data presentedin Fig. 29; format is samne as for I'ig. 28.

Figure 31 Thne series comparison between MLS ozone mixing ratios (ppmv) at 100, 46, 22,
and 10 hPa (bottomn panel to top panel) and Ascension Island ozonesonde data during 1991-92
(27 coincident profiles total); format is same as for Fig. 27.

Figure 32. Statistics of comparisons between MLS 0zone profiles and coincident Ascension
Island ozonesonde data presented in Fig. 31; format is same as for Fig. 28.

Figure 33. Time series comparison between MLS ozone mixing ratios (ppmv) at 100, 46, 22,
and 10 hPa (bottom pancl to top panel) and Braz zaville ozonesonde data during 1991-92 (29
coincident profiles total); formmat issame as for Fig. 27.

Figure 34. Statistics of comparisons between MLS ozone profiles and coincident Brazzaville
ozoncsonde data presented in Fig. 33; formnat is same as for Fig. 28.



Figure 35. Time series comnparison between MLS ozone mixing ratios (ppmv) at 100, 46, 22,
and 10 hPa (bottom panel to tops panel) and Gardermocen ozonesonde data during 1993-94 (30
coincident profiles total); format is samne as for Fig. 27.

Figurc 36. Statistics of comparisons between M 1,S ozone profiles and coincident Gardermocn
ozonesonde data presentedin Fig. 35; format is samne as for Fig. 28.

Figurc 37. Thne series comparison between MLLS ozone mixing ratios (ppmv) a 100, 46, 22, and
10 hPa(bottom pancel to top panel) and McMurdo ozonesonde data during August to October,
1992 (17 coincident profiles total); format is same as for Fig. il 'i.

Figure 38. Statistics of comparisons between MLS ozone profiles and coincident McMurdo
ozonesonde data presented in Fig. 37; format is same as for Vig. 28,

Figurce 39. Latitude dependence of the ozone comparisons between M LS 205 GHz band data
and ozonesonde data, based on the average data presented in Figs. 28, 30, 32, 34, 36, and
38. Bach panel in a given columnn corresponds to a diflerent pressure level (as indicated above
cach panel). In the left column, average MLS mixing ratios (pl us symbols) are compared to the
average sonde data (open diamnonds) for each of the G sondelacations. Each site is identified by
lower case letters (first two letters of site name)in the bottom left panel. The middle column
gives average (open sguares) and rins (crosses) differences (MLS minus sonde), in ppmv, while
the right column shows these differences in percent. We nave omitted the 100 hPa panel on the
bottom right, since ozone values get too simall to be satisfactorily comnpared in percent.

Figurc 40. Statistics of comparisons between h41l.S ozone profiles and coincident UV photometer
measurements from balloon. Forinat is same as Fig. 28. Shown are the average profiles and
differences, for ML S and UV photometer data obtained ncar 33 N. Balloon flights occurred on
91 Oct. 1, 92 May 29, 92 Sep. 29, 93 May 31, 93 Scp. 25, and 94 May 22 from near Fort
Summner,New Mexico, and 011 92 Feb. 20 and 93 Apr. 3 from Daggett, California. MLS data
were generally obtained within 12 hours of the flight, except for the 94 May 22 flight, when UARS
was notoperational; an MLS profile fromn May 24 was used in this case, which is not unreasonable
for this time period of low variability.

Figurc 41. Average profiles (and diflerence quantitics, as done in previous figures) for MLS
and SLS data from a total of 5 balloon flights from Daggett, Californ ia, aud Fort Sumner, New
Mexico. The dates are as in Fig.40, except for the May 1993 and 1994 flights, when the SLS did
not participate.

Figurc 42. Timeseries  corlll)ariso~ll)etw’ cell MLS ozone mixing ratios (ppmv)at 10, 4.6,2.2,
and 1 hPa (bottomn panel to top panel) and Table Mountain Facility (TMF)lidar data during
1991- 1993, Format is samne as Fig. 27.

Figure 43, statistics of comparisons between MLS ozone profiles and coincident lidar data
presented in Iig . 42, Format is same as in Fig. 28. 'I'oo few lidar profiles exist below 10 hl’a to
make meaningful statistical comparisons, so the differences in the bottom pannels do not include
levels below 10 hPa.

Figure 44. Comparison of Version 3 MLS data with recently updated software (see text), for
Aug.29,1092. (a) Zonal mean % differences (new mninus old values) for 205 G Hz ozone, (h) 183
GHz ozone, and (c) zonal mean % differences for ozone 183 Gz minus 205 GHz data in the
updated software (to be compared to differences showny in Fig. 20 for Version 3MLS data).

Figurce 45. Trade-off between vertical resolution (of retrieval grid) and uncertainty in 205 Gz
ozone al 46 hPa. Total uncertainty (ppmv), for a 3 ppmv a priori error, iSplot ted versus retrieval
grid resolution (k).
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